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We investigate the prospects for observing lepton number violation (LNV) by two units, jΔLj ¼ 2, at the
LHC within the leptoquark variant of the Zee Model, where Majorana neutrino masses arise radiatively at
one loop. The model features an SUð2ÞL doublet and singlet leptoquarks, whose interactions produce a
distinctive same-sign dilepton plus jets signature, pp → l�l0� þ jets. Taking into account current
experimental constraints, we identify the dominant production channels for this LNV signal and perform
a detailed collider analysis. We find that the HL-LHC can probe leptoquark masses up to mLQ ∼ 1.5 TeV
with this process. Observation of this signal would provide a direct test of LNVand would unambiguously
establish the Majorana nature of neutrinos.
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I. INTRODUCTION

Majorana neutrino masses can naturally arise from loop-
induced processes, and a wide range of radiative mecha-
nisms has been proposed in the literature at one-loop [1,2],
two-loop [3–5], and three-loop levels [6]. For reviews, see
Refs. [7,8]. Among the minimal one-loop realizations is the
Zee model [1], which, due to the electroweak s-channel
production of its charged scalars, offers promising sensi-
tivity to lepton number violating (LNV) signature at the
high-luminosity LHC (HL-LHC) [9].
A central theoretical implication of observing LNV at

colliders is rooted in the so-called black-box theorem for
neutrino mass [10]. Originally formulated in the context of
neutrinoless double beta decay (0νββ) [11], the theorem
states that any process that violates lepton number by two
units, jΔLj ¼ 2, necessarily induces a nonzero Majorana
mass for neutrinos, irrespective of the underlying mecha-
nism. For a recent evaluation of the quantitative impact of
the theorem, see Ref. [12]. The theorem can be generalized
to high-energy collider processes [9], establishing that the
observation of a jΔLj ¼ 2 final state at the LHC would
likewise constitute direct evidence for the Majorana nature

of neutrinos. Unlike 0νββ searches, which only probe
effective LNV interactions with two electrons e−e−, the
LHC can access effective interactions with electrons and
muons in multiple combinations: e�e�, μ�μ�, and e�μ�.
This greatly broadens the scope of experimental tests of
LNV, providing complementary and, in some cases, unique
avenues to probe the Majorana nature of neutrinos.
The LNV signal pp → l�l0� þ jets has been exten-

sively studied in several theoretical frameworks. This
includes the left-right symmetric model (LRSM) [13–31],
type-I seesaw framework [32–44], and more recently
type-II seesaw and Zee models [9,45]. The complemen-
tarity between neutrinoless double beta decay and LNV
searches at the LHC with pp → l�l0� þ jets has also been
investigated in simplified model frameworks [46–52].
Experimental searches for the same-sign dilepton plus jets
signature have been performed by ATLAS [53] and
CMS [54] in the context of the LRSM and the type-I
seesaw, respectively. Related new physics signatures have
also been studied at future lepton colliders [55–62],
offering a complementary perspective to the same-sign
dilepton plus jets channel searches at the LHC.
Complementary studies have also been carried out at
LHCb [63], focusing on LNV signal from B-meson decays.
Motivated by the interplay between neutrino mass

generation and collider observables, we investigate the
leptoquark analog of the Zee model in which the original
scalar fields are replaced by leptoquarks. This variant
preserves the radiative origin of Majorana neutrino masses
while benefiting from the sizable QCD production of
leptoquarks. Within this framework, we investigate the
projected HL-LHC sensitivity to the LNV same-sign
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dilepton plus jets signature, pp → l�l0� þ jets. The
model is further constrained by neutrino mass measure-
ments [64], charged lepton flavor violation [8], electroweak
precision observables [65], and existing leptoquark
searches [66,67]. We evaluate their impact to map out
the currently allowed parameter space, before assessing the
collider reach for the lepton number violating signature.
The remainder of this paper is organized as follows. In

Sec. II, we present the model framework. Constraints from
neutrino mass measurements, low energy measurements,
electroweak precision observables, and leptoquark searches
at the LHC are discussed in Sec. III. In Sec. IV, we analyze
the relevant production channels leading to the LNV same-
sign dilepton plus jets signature. In Sec. V, we present a
detector level collider analysis, where we evaluate the
discovery potential at the HL-LHC. We summarize and
conclude in Sec. VI.

II. LEPTOQUARK VARIANT OF THE ZEEMODEL

The Leptoquark variant of the Zee model generates small
neutrino masses radiatively at the one-loop level [1,68].
It preserves the Standard Model (SM) gauge structure
SUð3ÞC × SUð2ÞL ×Uð1ÞY and extends the SM particle
content by introducing a SUð2ÞL doublet leptoquark
(LQ) Ωð3; 2; 1=6Þ ¼ ðω2=3;ω−1=3Þ and a singlet LQ
χ−1=3ð3; 1;−1=3Þ. The Yukawa Lagrangian for the LQs
can be written as

LYuk ⊃ λαβLi
αdcβΩjϵij þ λ0αβL

i
αQ

j
βχ

�ϵij þ H:c:; ð2:1Þ

where fα; βg denote the generation indices and fi; jg are
the SUð2ÞL indices. The couplings λ and λ0 are the Yukawa
coupling constants for the Ω and χ fields. L and Q are,
respectively, the left-handed lepton and quark doublets, and
dc represent the conjugate of the right-handed down-type
fields.
To ensure proton stability, we assume a global baryon

number symmetry under which both Ω and χ−1=3 carry
baryon number −1=3. In the absence of this symmetry,
dangerous baryon number violating operators of the type
QQχ and ucdcχ� would be allowed, leading to rapid proton
decay. This model can be viewed as a special case of
R-parity violating supersymmetric model [69], where the
fields Ω and χ−1=3 are identified as the superpartners of the

quark doublet and dc fields respectively (i.e., Ω ∼ Q̃
and χ�1=3 ∼ d̃c).
The Higgs potential contains nontrivial interaction terms

given by

V ⊃ μðΩ†Hχ þ ðΩ†HχÞ�Þ þ λ7ðH†ΩÞðΩ†HÞ: ð2:2Þ

Here, we have made the complex parameter μ real by a
field redefinition. This term in the Higgs potential generates
mixing between the ω−1=3 and χ−1=3 fields after electro-
weak symmetry breaking, with the mass-squared matrix
given by

M2
ω−1=3−χ−1=3 ¼

 
M2

ω2=3 þ λ7
2
v2

ffiffiffi
2

p
μvffiffiffi

2
p

μv m2
χ

!
; ð2:3Þ

where v ¼ 246 GeV is the vacuum expectation value of the
neutral component of the SM Higgs doubletH,M2

ω2=3 is the

physical mass squared of ω2=3, which includes a contri-
bution from a λ4ðH†HÞðΩ†ΩÞ term, andm2

χ is the bare mass
term plus the contribution from the λ5ðH†HÞðχ⋆χÞ term.
The mixing between ω−1=3 and χ−1=3 results in the mass
eigenstates X1 and X2,

X1 ¼ cos θLQω−1=3 þ sin θLQχ−1=3; ð2:4Þ

X2 ¼ − sin θLQω−1=3 þ cos θLQχ−1=3: ð2:5Þ

The mixing angle θLQ is given by tan 2θLQ ¼
2
ffiffiffi
2

p
μv=ðm2

ω þ λ7v2=2 −m2
χÞ. The squared masses of the

physical eigenstates X1 and X2 are given by

M2
X1;2

¼ 1

2

2
4M2

ω2=3 þ λ7
2
v2 þm2

χ

∓
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
M2

ω2=3 þ λ7
2
v2 −m2

χ

�
2

þ 8μ2v2

s 3
5: ð2:6Þ

The Yukawa Lagrangian in Eq. (2.1) can be expressed in
terms of the physical mass eigenstates as

LYuk ¼ −λαβlαdcβω
2=3 − λ0αβV

†
CKM sin θLQlαuβX1 − λ0αβV

†
CKM cos θLQlαuβX2

þ ðλαβ cos θLQναdcβ þ λ0αβ sin θLQναdβÞX1 − ðλαβ sin θLQναdcβ − λ0αβ cos θLQναdβÞX2 þ H:c:; ð2:7Þ

where l and ν are the charged and neutral-lepton
components of the lepton doublet, and u is the left-
handed up-type quark. The Yukawa terms in
Eq. (2.7), together with the LQ mixing induced by

the cubic scalar term in Eq. (2.2), lead to LNV by
two units, jΔLj ¼ 2. This allows neutrino mass gen-
eration at one loop as illustrated with the Feynman
diagram in Fig. 1.

BABU, BARMAN, and GONÇALVES PHYS. REV. D 114, 055039 (2026)

055039-2



III. CONSTRAINTS

The considered model is sensitive to a range of exper-
imental measurements, including neutrino oscillation data,
low energy observables, precision electroweak measure-
ments, and leptoquark searches at the LHC. In this section,
we examine the impact of these constraints on the model
parameter space and identify the currently allowed region,
which will serve as the foundation for our study of LNV
signatures at the HL-LHC.

A. Neutrino mass constraints

Neutrino oscillation data place strong constraints on the
mass-squared differences [64]

Δm2
21 ¼ 7.49þ0.19

−0.19 × 10−5 eV2;

Δm2
32 ¼ 2.513þ0.021

−0.019 × 10−3 eV2: ð3:1Þ

In addition, kinematic measurements of tritium beta decay,
3H → 3Heþ e− þ νe, at the KATRIN experiment constrain
the effective electron neutrino mass to mνe < 0.45 eV at
90% CL [70].1 Recent results from NuFit Collaboration
[64], performing a global analysis of the neutrino data,
imply that for normal ordering the sum of neutrino masses
must lie within

0.058 eV≲Xmi ≲ 1.2 eV at 95% CL: ð3:2Þ

In this work, we adopt normal ordering and fix the lightest
neutrino mass to m1 ¼ 0.04 eV. The remaining masses are
then determined from the measured mass-squared
differences: m2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

1þΔm2
21

p
and m3 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

2 þ Δm2
32

p
.

Using the values in Eq. (3.1), this yields
P

mi ≃ 0.15 eV.
In the leptoquark variant of the Zee model, the neutrino

mass matrix in the flavor basis,Mν, arises radiatively at one
loop and takes the form

Mν ¼ U⋆diagðm1; m2; m3ÞU† ¼ κðλMdλ
0T þ λ0Mdλ

TÞ;
ð3:3Þ

where the loop-induced coefficient is

κ ¼ ð3=32π2Þ sin 2θLQ ln ðm2
X1
=m2

X2
Þ: ð3:4Þ

Here, Md is the down-type quark mass matrix, and mX1
,

mX2
denote the masses of the leptoquark fields X1 and X2,

respectively. We adopt the standard parametrization for the
3 × 3 PMNS matrix, U, from Ref. [71] and use the matrix
element values from the NuFit-6.0 global analysis [64]. For
simplicity, we assume that the Yukawa matrices are related
by a constant scaling factor c:

λij ¼ c λ0ij; ð3:5Þ

which reduces Eq. (3.3) to a relation involving a single
unknown matrix. In our analysis, for each choice of
leptoquark masses and mixing angle, we solve this equation
to determine the elements of the 3 × 3 Yukawa matrices.

B. Low energy measurements

Various low energy measurements, including rare decays
of charged leptons and mesons, place relevant constraints
on the parameter space of interest. For instance, lepto-
quarks can induce charged lepton flavor violating (cLFV)
decays of the form lα → lβ þ γ at one loop, where the γ is
radiated either from the leptoquark or the quark lines in the
loop. In this class of processes, the contributions mediated
by the ω leptoquark are subject to a Glashow–Iliopoulos–
Maiani-like cancellation [8,65,72,73], resulting in rela-
tively weak constraints on the λ couplings. The surviving
terms in the amplitude are suppressed by a factor of order
ðm2

d=m
2
ωÞ. In contrast, the processes mediated by X1 and

X2, owing to their χ−1=3 admixture, can introduce strong
constraints on the λ0 couplings. The branching ratio for the
lα → lβ þ γ process mediated by X1 and X2 is given by

BRðlα → lβ þ γÞ ¼ 9αemm5
lα

576ð16π2Þ2ΓðlαÞ
jλ0βdλ0⋆αdj2

×

�
sin2 θLQ
m2

X1

þ cos2 θLQ
m2

X2

�
2

: ð3:6Þ

In Table I, we present the resulting constraints on jλ0βdλ0⋆αdj
for μ → eγ, τ → eγ, and τ → μγ, as a function of θLQ and
leptoquark masses mX1

and mX2
.

Another rare cLFV process that probes both λ and λ0
couplings is coherent μ–e conversion in the nuclei,
μN → eN, which occurs at tree level in these models.
The corresponding branching ratio can be expressed
as [8,65]

FIG. 1. Feynman diagram representing neutrino mass gener-
ation at one-loop in the Leptoquark variant of the Zee model.

1The parameter mνe is defined asm
2
νe ≡

P
i m

2
i jUeij2, where U

is the 3 × 3 unitary leptonic Pontecorvo–Maki–Nakagawa–
Sakata (PMNS) mixing matrix.
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BRðμN → eNÞ

¼ j pe
�!Ee m3

μ G2
F α

3
em Z4

eff F
2
pj

64 π2 Z ΓN
ð2A − ZÞ2

×

�jλ⋆edλμdj
m2

ω2=3

þ jλ⋆0edλ0μdj
�
sin2 θLQ
m2

X1

þ cos2 θLQ
m2

X2

��
2

; ð3:7Þ

where p⃗e and Ee denote the momentum and energy of the
outgoing electron, Zeff is the effective atomic number, Fp is
the nuclear matrix element, and A and Z are the mass
number and atomic number of the nucleus, respectively. ΓN
is the rate of capture of muons by the nucleus N. Using the
nuclear and model input parameters detailed in Ref. [8], we
derive upper limits on the Yukawa couplings from current
measurements of BRðμN → eNÞ for 48

22Ti,
197
79 Au and

208
82 Pb,

as summarized in Table I. Rare kaon decays provide
additional probes of the flavor structure of leptoquark
interactions, constraining the product of leptoquark

Yukawa couplings involving the first and second generation
down-type quarks. The adopted limits are summarized in
Table I. We find that μ → eγ and μN → eN processes are
the most stringent among the cLFV and meson decay
constraints on our parameter space. A detailed overview of
these processes and their impact on the LQ variant of the
Zee model can be found in Refs. [8,65,86].

C. Electroweak precision constraints

Precision electroweak observables provide additional
restrictions via the oblique parameters S, T, and U
[8,87,88]. In our model, they take the form

S ¼ 1

12π

�
sin2 θLQ ln

m2
X1

m2
ω2=3

þ cos2 θLQ ln
m2

X2

m2
ω2=3

þ 3cos2 θLQsin2 θLQG
�
m2

X1

m2
X2

��
; ð3:8Þ

TABLE I. Summary of constraints from low energy measurements on the leptoquark Yukawa couplings λ and λ0 as a function of
leptoquark masses fmω2=3 ; mX1

; mX2
g [8,65,74–86]. In the expression for theKþ → πþνν̄ constraint, λ̂ and λ̂0 are defined as λ̂ ¼ λTU and

λ̂0 ¼ λ0TU [85], where U is the PMNS matrix (see Sec. III A for details). The indices m, n ¼ 1, 2, 3 appearing in the last line denote the
neutrino states in the mass basis, following the convention of [85].

Process Current limit Bounds ðTeVÞ−2
μ → eγ BR < 1.5 × 10−13 [74] jλ0edλ0�μdj < 8.6 × 10−4

�
s2θ
m2

X1

þ c2θ
m2

X2

�
−1

τ → eγ BR < 3.3 × 10−8 [75] jλ0edλ0�τdj < 1.6
�

s2θ
m2

X1

þ c2θ
m2

X2

�
−1

τ → μγ BR < 4.2 × 10−8 [76] jλ0�μdλ0τdj < 1.8
�

s2θ
m2

X1

þ c2θ
m2

X2

�
−1

μN → eN

48
22Ti BR < 6.1 × 10−13 jλ⋆edλμdj

m2

ω2=3
þ jλ⋆0edλ0μdj

�
s2θ
m2

X1

þ c2θ
m2

X2

�
< 4.30 × 10−6

197
79 Au BR < 7.0 × 10−13 [77] jλ⋆edλμdj

m2

ω2=3
þ jλ⋆0edλ0μdj

�
s2θ
m2

X1

þ c2θ
m2

X2

�
< 4.29 × 10−6

208
82 Pb BR < 4.6 × 10−11 [78] jλ⋆edλμdj

m2

ω2=3
þ jλ⋆0edλ0μdj

�
s2θ
m2

X1

þ c2θ
m2

X2

�
< 3.56 × 10−5

K0
L → eþe− BR < 8.7þ5.7

−4.1 × 10−12 [79] jλ�edλesj
�

1
m2

ω2=3

�
< 1.9 × 10−3

K0
L → μþμ− BR < ð6.84� 0.11Þ × 10−9 [80] jλ�μdλμsj

�
1

m2

ω2=3

�
< 4.7 × 10−5

K0
L → e�μ∓ BR < 4.7 × 10−12 [81] jλesλ⋆μd þ λedλ

⋆
μsj
�

1
m2

ω2=3

�
< 1.9 × 10−5

Kþ → πþeþe− BR < ð3.00� 0.09Þ × 10−7 [80] jλ�edλesj
�

1
m2

ω2=3

�
< 2.3 × 10−2

Kþ → πþμþμ− BR < ð9.15� 0.08Þ × 10−8 [82] jλ�μdλμsj
�

1
m2

ω2=3

�
< 1.85 × 10−2

Kþ → πþμþe− BR < 1.3 × 10−11 [83] jλ�edλμsj
�

1
m2

ω2=3

�
; jλesλμdj�

�
1

m2

ω2=3

�
< 1.9 × 10−4

Kþ → πþνν̄ BR < 9.6þ1.9
−1.8 × 10−11 [84] P

m≠n

���� s2θ
m2

X1

þ c2θ
m2

X2

�
λ̂0dnλ̂

0
sm −

�
c2θ
m2

X1

þ s2θ
m2

X2

�
λ̂0snλ̂

0
dm

��� < 3.1 × 10−4
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T ¼ 3

8π2αemv2

�
cos2 θLQF ðm2

ω2=3 ; m2
X1
Þ

þ sin2 θLQF ðm2
ω2=3 ; m2

X2
Þ

− cos2 θLQsin2 θLQF ðm2
X1
; m2

X2
Þ
�
; ð3:9Þ

U ¼ 1

4π

�
sin2 θLQG

�
m2

ω2=3

m2
X1

�
þ cos2 θLQG

�
m2

ω2=3

m2
X2

�

− cos2 θLQsin2 θLQG
�
m2

X1

m2
X2

��
; ð3:10Þ

with

F ða; bÞ ¼ 1

2
ðaþ bÞ − ab

a − b
ln

�
a
b

�
; ð3:11Þ

GðcÞ ¼ c3 − 3c2 − 3cþ 1

ðc − 1Þ3 ln c −
5c2 − 22cþ 5

3ðc − 1Þ2 : ð3:12Þ

The current data yield the following 2σ ranges [71]:

− 0.24 < ΔS < 0.26; −0.23 < ΔT < 0.25;

and − 0.19 < ΔU < 0.17; ð3:13Þ

which we impose in our parameter scans. While ΔT is
controlled by isospin-breaking effects and therefore typi-
cally favors small mass splittings among the leptoquark
mass eigenstates, ΔS and ΔU depend logarithmically on
the leptoquark mass ratios and vanish in the degenerate
mass limit. In practice, the most stringent constraint among
the three generally arises from ΔT, as we demonstrate
explicitly in Sec. III E.

D. LHC bounds

Leptoquark searches at the LHC have been performed in
both single and pair production channels [66,89–94]. The
pair production mode is dominated by gluon-gluon and
quark-antiquark annihilation, with a cross section that is
nearly independent of the leptoquark Yukawa couplings
and depends primarily on the leptoquark mass. The ATLAS
and CMS Collaborations have derived upper limits on the
pair production cross section multiplied by the branching
fraction as a function of the leptoquark mass, which can be
directly interpreted in the parameter space relevant to our
analysis. In Fig. 2, we show the corresponding upper limits
from recent searches at the

ffiffiffi
s

p ¼ 13 TeV LHC using L ∼
139 fb−1 and 138 fb−1 of data collected by ATLAS and
CMS, respectively [66,67]. While the observation of one or
more of these signals would provide unambiguous evi-
dence of physics beyond the Standard Model, it would not
indicate LNV, as events in these searches are selected by

requiring an oppositely charged electron or muon, resulting
in final states with zero net lepton number.

E. Combined constraints

In Fig. 3, we show the region of parameter space in the
mω2=3–mX1

plane that is consistent with current constraints.
Among the three oblique parameters, ΔT imposes the most
stringent constraint, allowing only a narrow band of small

FIG. 3. Parameter space is shown in themω2=3 −mX1
plane. The

blue shaded region is excluded by constraints from ΔT at
95% CL, while the yellow shaded region is ruled out by
leptoquark pair production searches at the

ffiffiffi
s

p ¼ 13 TeV LHC
[66,67]. The green shaded region denotes the parameter space
consistent with current constraints. Results are shown for the
benchmark scenario fθLQ ¼ 0.2; λ7 ¼ 0.5; c≡ λij=λ0ij ¼ 0.13;
m1 ¼ 0.04 eVg.

FIG. 2. Upper limits on the leptoquark pair production cross
section times branching fraction, pp → LQLQ → X, as a func-
tion of leptoquark mass mLQ, from searches in the X ¼
fqeqe; qμqμ; cece; cμcμ; bebe; bμbμg channels by ATLAS
[66] and CMS [67] at the

ffiffiffi
s

p ¼ 13 TeV LHC.
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mass splittings, Δm ¼ mω2=3 −mX1
. For illustration, the

region excluded by the 95% CL constraint on ΔT is
displayed as a blue-shaded area in Fig. 3 for a represen-
tative benchmark point with θLQ ¼ 0.2, λ7 ¼ 0.5,
c≡ λij=λ0ij ¼ 0.13, and m1 ¼ 0.04 eV. By contrast, the
constraints from ΔS and ΔU, as well as those from low
energy observables, are significantly weaker and do not
restrict the scanned parameter region. The stronger sensi-
tivity of ΔT arises because it is particularly sensitive to
isospin-breaking effects, i.e., mass splittings within weak
multiplets, whereas ΔS and ΔU are less affected by such
splittings.
The region allowed by ΔT is further constrained by

leptoquark searches at the LHC. Existing upper limits on the
leptoquark pair production cross section times branching
fraction exclude leptoquark masses mLQ ≲ 1.4 TeV. The
parameter region consistent with all the current constraints,
including neutrino mass bounds, low energy measurements,
oblique parameters, and LHC limits, is illustrated as the
green shaded region in Fig. 3. In the following, we focus on
this allowed region, characterized by small mass splittings,
Δm¼mω2=3−mX1

, and leptoquark masses mLQ ≳ 1.4 TeV,
to explore the potential for observing a signature of lepton
number violation at the HL-LHC.

IV. LNV SIGNATURE AT THE LHC

The characteristic signature of LNV by two units,
jΔLj ¼ 2, at the LHC is the production of two same-sign
charged leptons accompanied by jets, pp → l�l0� þ jets.
In the parameter space of interest, this final state can arise
from cascade decays of both pair and singly produced
leptoquarks. We classify the production mechanisms into
three categories: QCD pair production, electroweak (EW)
pair production, and single leptoquark production, as
illustrated in Fig. 4.
The theoretical importance of such a jΔLj ¼ 2 signal lies

in its intimate connection to Majorana neutrino mass
generation. The generalized form of the black-box theorem
implies that any mechanism producing LNV at colliders
necessarily feeds into a Majorana mass term for neutrinos
[9,10]. In contrast to neutrinoless double beta decay
searches, which probe only the electron channel, collider
experiments can access a wide range of lepton-flavor
combinations, providing complementary and potentially
unique insights into the origin of neutrino mass. A sche-
matic illustration of this correspondence between LNV
collider signatures and Majorana mass generation is shown
in Figs. 4 and 5. In the following, we discuss each of the
three leading mechanisms for LNV production at the LHC.

(1) QCD pair production of leptoquarks

pp → ω2=3ω−2=3 → ðω2=3 → lþjÞðω−2=3 → ðX�
1 → lþjÞðW− → jjÞÞ; ð4:1Þ

pp → X2X�
1 → ðX2 → ðω2=3 → lþjÞðW− → jjÞÞðX�

1 → lþjÞ; ð4:2Þ

pp → X2X�
2 → ðX2 → ðω2=3 → lþjÞðW− → jjÞÞðX�

2 → lþjÞ: ð4:3Þ

In this production mode, QCD pair production of
leptoquarks is followed by leptoquark decays through
different channels to yield the pp → l�l0� þ jets
signature. A representative Feynman diagram for this
channel is shown in Fig. 4 (left panel). For instance, in
the case of pp → ω2=3ω−2=3, ω2=3 may decay into
ω2=3 → lþj, while its antiparticle ω−2=3 can undergo
either on shell decay ω−2=3 → X�

1W
−, if

mω2=3 −mX1
≥ mW , followed by X�

1 → lþj and

W− → jj, or three-body decay ω−2=3 → X�
1jj, with

X�
1 → lþj. In our analysis presented in Sec. V, we

account for the full matrix element generation for all
relevant signal channels, incorporating both on shell
and off shell contributions.

(2) Electroweak pair production of leptoquarks

pp→ω2=3X�
1;2→ ðω2=3→lþjÞðX�

1;2→lþjÞ: ð4:4Þ

FIG. 4. Representative Feynman diagrams illustrating the QCD pair production of leptoquarks (left), electroweak pair production
(center), and single leptoquark production (right), leading to LNV signatures pp → l�l0� þ jets at the LHC.
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This process is generated by quark-quark scattering,
qq0 → ω2=3X�

1;2, mediated by s-channel W boson
exchange. A representative Feynman diagram is
shown in Fig. 4 (central panel). The relevant vertices
W−ω2=3X1 and W−ω2=3X2 originate from the Higgs
trilinear coupling, with interaction strengths propor-
tional to cos θLQ and sin θLQ, respectively. Further
model details are provided in Sec. II.
To realize the LNV signature, both leptoquarks,

ω2=3 and X�
1;2, must decay into “visible” final states:

ω2=3 → lþj and X�
1;2 → lþj. However, when the

mass splitting mω2=3 −mX1;2
exceeds the W boson

mass, the decay ω2=3 → WþX1;2 can become dom-
inant. For smaller mass splittings mω2=3−mX1;2

<mW ,
the three-body decays ω2=3 → jjX1 can still have
appreciable rates for small values of λ. The visible
decay mode X1 → l−u, controlled by λ0 sin θLQ,
competes with invisible channels such as X1 → νd
and X1 → νu, which are sensitive to λ0 sin θLQ
and λ cos θLQ, respectively. Since neutrino final
states obscure the lepton number information, the
LNV signal is appreciable when visible modes
dominate, i.e., when λ0 sin θLQ > λ cos θLQ. The
case of X2 is qualitatively similar to X1, with the
favorable region for the visible decay channel
being λ0 cos θLQ > λ sin θLQ.

(3) Single leptoquark production

pp→ ω−2=3lþ

→ ðω−2=3 → ðX�
1 → lþjÞðW− → jjÞÞlþ; ð4:5Þ

pp→X2lþ → ðX2→ ðω2=3 →lþjÞðW− → jjÞÞlþ;

ð4:6Þ

pp → X1;2
�lþj → ðX1;2

� → lþjÞlþj; ð4:7Þ

pp → ω2=3lþj → ðω2=3 → lþjÞlþj: ð4:8Þ

These processes involve leptoquark production in
association with charged leptons and jets, pri-
marily via quark-quark and quark-gluon fusion.

We show a representative Feynman diagram in
Fig. 4 (right panel).

In the radiative neutrino mass scenario considered here,
the flavor structure of the LNV signal is not uniquely
determined by neutrino oscillation data. Unlike tree-level
scenarios such as the type-II seesaw model, where the
neutrino mass matrix and collider observables are con-
trolled by the same Yukawa structure, the neutrino mass
matrix shown in Eq. (3.3) involves two different Yukawa
matrices, λ and λ0. In our analysis we assume the relation
λij ¼ cλ0ij, which reduces the number of free parameters but
does not lead to unique predictions for flavor-specific
collider observables.
Furthermore, the flavor composition of the LNV signal

depends on the benchmark parameters entering the neutrino
mass fit, including the leptoquark masses, mixing angle,
and the proportionality constant c. Hence, different bench-
mark points that are equally consistent with neutrino
oscillation data can lead to different flavor compositions
of the pp → l�l0� þ jets signal. Since the goal of the
present work is to establish the inclusive LNV discovery
potential at the HL-LHC, we focus on the flavor-inclusive
signal rather than flavor-dependent observables.

V. ANALYSIS

The various leptoquark production modes and decay
channels leading to the LNV signature pp → l�l0� þ jets
at the LHC are summarized in Table II. We simulate these
LNV signal events using MadGraph5_aMC@NLO [95], inter-
faced with Pythia8 [96] for parton showering and hadroni-
zation. The leptoquark variant of the Zee Model is
implemented in FeynRules [97]. Detector effects are simu-
lated with Delphes3 [98], employing the default HL-LHC
detector card.
We compute cross sections for the LNV signature pp →

l�l0� þ jets arising from the QCD pair production, EW
pair production, and single leptoquark production modes atffiffiffi
s

p ¼ 13 TeV. To preserve the lepton number information
in the final state, we restrict our analysis to regions of
parameter space where the visible decay mode of the
lightest leptoquark X1 → l−j dominates or is at least
comparable to the neutrino-containing decay channel.
From the Yukawa Lagrangian in Eq. (2.7), this condition

FIG. 5. Diagrams illustrating the connection between Majorana neutrino mass generation and LNV signatures at the LHC [9,10]. The
left, center, and right diagrams for neutrino mass generation correspond, respectively, to the LHC processes shown in the left, center, and
right panels of Fig. 4.
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translates to λ0 sin θLQ ≳ λ cos θLQ. For the production rates,
we compute the leading order (LO) parton level cross
sections using MadGraph5_aMC@NLO and account for higher-
order effects through an overall next-to-leading-order
(NLO) K factor. The NLO K factor for the QCD pair
production channel is obtained by comparing the LO cross-
sections with the NLO prediction [99]. For the electroweak
pair production and single leptoquark production channels,
we restrict ourselves to LO predictions. Given that these
two channels are typically suppressed by 2 orders of
magnitude relative to the QCD production mode in the
relevant parameter regions, as shown later in this section,
neglecting their NLO corrections has a negligible effect on
our HL-LHC projections.
In Fig. 6, we present the stacked cross sections for

pp → l�l0� þ jets mediated by QCD pair production,
EW pair production, and single leptoquark production as a
function of the leptoquark mass mω2=3 . The QCD pair
production mode dominates over the entire mass range,
yielding cross sections several orders of magnitude larger
than those from EW pair or single leptoquark production
for both benchmark scenarios. This enhancement arises
from the purely QCD-driven nature of that production
mode, larger gluon parton distribution functions in the
proton, and the sizable color factor associated with gluon-
gluon initiated channels. In contrast, EW leptoquark pair
production is suppressed due to their dependence on
electroweak couplings and quark-initiated parton luminos-
ities. Single leptoquark production is further reduced, as it

requires a leptoquark Yukawa coupling insertion already at
the production level.2 For instance, the qg → ω−2=3lþ

channel is suppressed by a factor of ∼jλj2. In the allowed
parameter space, the Yukawa couplings to the valence
quarks are typically small jλedj; jλμdj ≲ 10−3, resulting in
subdominant contributions from the single leptoquark
channel, as observed in Fig. 6. Despite this suppression,
we account for all three production mechanisms in our
signal simulation for completeness.
It is worth emphasizing that a sizable LNV signal in this

model does not imply an enhanced neutrino mass contri-
bution. The neutrino mass matrix is generated radiatively
and is constrained to reproduce the observed neutrino
masses and mixing parameters through Eq. (3.3). By
contrast, the dominant contribution to the LNV signal at
the LHC arises from QCD-mediated leptoquark pair
production, whose cross section depends primarily on
the leptoquark masses and is largely independent of the
Yukawa couplings entering the neutrino mass matrix. The
Yukawa couplings mainly affect the subsequent decay
branching fractions of the leptoquarks. Thus, an observable
LNV signal at the HL-LHC is fully compatible with the
small neutrino masses required by current neutrino oscil-
lation data.

TABLE II. Summary of QCD and EW mediated leptoquark pair production, as well as single leptoquark production channels, within
the leptoquark extension of the Zee model, together with their decay topologies that give rise to the LNV, jΔLj ¼ 2, same-sign dilepton
plus jets final state, pp → l�l0� þ jets, at the LHC.

Production modes LNV signature: pp → l�l0� þ jets

QCD ω2=3ω−2=3 ω2=3 → lþj ω−2=3 → ðX�
1 → lþjÞðW− → jetsÞ

ω−2=3 → l−j ω2=3 → ðX1 → l−jÞðWþ → jetsÞ
X2X�

1 X�
1 → lþj X2 → ðω2=3 → lþjÞðW− → jetsÞ

X1X�
2 X1 → l−j X�

2 → ðω−2=3 → l−jÞðWþ → jetsÞ
X2X�

2 X�
2 → lþj X2 → ðω2=3 → lþjÞðW− → jetsÞ

X2 → l−j X�
2 → ðω−2=3 → l−jÞðWþ → jetsÞ

EW ω2=3X�
1 ω2=3 → lþj X�

1 → lþj
ω−2=3X1 ω−2=3 → l−j X1 → l−j
ω2=3X�

2 ω2=3 → lþj X�
2 → lþj

ω−2=3X2 ω−2=3 → l−j X2 → l−j

Single-LQ ω−2=3lþ ω−2=3 → ðX�
1 → lþjÞðW− → jetsÞ

ω2=3l− ω2=3 → ðX1 → l−jÞðWþ → jetsÞ
X2lþ X2 → ðω2=3 → lþjÞðW− → jetsÞ
X�
2l

− X�
2 → ðω−2=3 → l−jÞðWþ → jetsÞ

X�
1;2l

þj X�
1;2 → lþj

X1;2l−j X1;2 → l−j
ω2=3lþj ω2=3 → lþj
ω−2=3l−j ω−2=3 → l−j

2This explains why the QCD-driven channel in Fig. 4 (left
panel) yields the largest rate among the three LNV production
mechanisms, even though the corresponding neutrino-mass dia-
gram arises only at higher loop order, as shown in Fig. 5.
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The LNV signal pp → l�l0� þ jets is subject to sub-
stantial background arising from nonprompt leptons, which
are challenging to simulate reliably. Therefore, we adopt
the background estimates reported in the CMS same-sign
dilepton plus jets search with 137 fb−1 of data [100], and
rescale them to 3 ab−1 for HL-LHC projections. Following
the CMS event selection criteria in [100], we require signal
events to contain exactly two same-sign isolated leptons
with transverse momentum pTl > 25 GeV and pseudor-
apidity jηej < 2.5 for electrons and jημj < 2.4 for muons.
Events must also include at least two jets, reconstructed
using the anti-kT jet algorithm with radius R ¼ 0.4,
satisfying pTj > 40 GeV and jηjj < 2.4. To suppress back-
ground contributions, events with same-flavor dileptons
having invariant mass mll < 12 GeV, or different-flavor
leptons with mll0 < 8 GeV, are vetoed. Events are also

required to have only small missing energy =ET < 50 GeV
and a large scalar sum of the transverse momenta
HT > 1300 GeV.
Using these event selection criteria and background

estimates from the CMS analysis in Ref. [100], we evaluate
the projected sensitivity to LNV at the HL-LHC. To
illustrate the potential reach, we consider a representative
benchmark point in the currently allowed parameter space:
θLQ ¼ 0.2, mω2=3 ¼ 1.4 TeV, Δm ¼ 10 GeV, λ7 ¼ 0.5,
c≡ λij=λ0ij ¼ 0.13, and m1 ¼ 0.04 eV. The signal signifi-

cance is quantified using S=
ffiffiffiffi
B

p
, where S is the expected

number of signal events and B is the luminosity-scaled
projected background rate derived from the CMS analy-
sis [100].
In Fig. 7 (left panel), we show the signal significance

as a function of the integrated luminosity L. For the
representative parameter choices, a 2σ sensitivity to LNV
can be achieved around L ∼ 790 fb−1. In Fig. 7 (right
panel), the signal significance is shown as a function of
leptoquark mass mω2=3 , assuming a mass splitting
Δm ¼ mω2=3 −mX1

¼ 10 GeV. We observe that the
HL-LHC with L ¼ 3 ab−1 will be able to probe the
LNV signal for leptoquark masses up to approxi-
mately mω2=3 ∼ 1.5 TeV.

VI. CONCLUSION

Determining whether a lepton number is a conserved
symmetry in nature remains a fundamental question,
closely linked to the Majorana versus Dirac character of
neutrinos. Observation of lepton number violation by two
units at colliders would provide a direct and complemen-
tary probe to neutrinoless double beta decay, opening a
window into the mechanism behind neutrino mass gen-
eration. Motivated by this, we have investigated the
potential for detecting the LNV process pp → l�l0� þ
jets at the HL-LHC within the leptoquark variant of the
Zee model.

FIG. 6. Stacked cross section for the LNV process, pp →
l�l0� þ jets, mediated by QCD pp → LQ LQ (yellow),
EW pp → LQ LQ (blue), and single leptoquark production
pp → LQl (gray) at

ffiffiffi
s

p ¼ 13 TeV, assuming leptoquark mixing
angle θLQ ¼ 0.2, Δm≡mω2=3 −mX1

¼ 10 GeV, λ7 ¼ 0.5, c≡
λij=λ0ij ¼ 0.13, and m1 ¼ 0.04 eV. The 95% confidence level
limits are shown for an integrated luminosity of 137 fb−1 (red
dashed) and for the HL-LHC projection with 3 ab−1 (red solid).

FIG. 7. Signal significance S=
ffiffiffiffi
B

p
for the LNV process pp → l�l0� þ jets at the LHC with

ffiffiffi
s

p ¼ 13 TeV. Left: Significance as a
function of integrated luminosity. Right: Significance at the HL-LHC with L ¼ 3 ab−1 as a function of the leptoquark mass mω2=3 ,
assuming θLQ ¼ 0.2, Δm ¼ 10 GeV, λ7 ¼ 0.5, c≡ λij=λ0ij ¼ 0.13, and m1 ¼ 0.04 eV.
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In this scenario, neutrino masses are generated radia-
tively at one loop, while the same interactions give rise to
distinct LNV signatures at colliders. After applying current
experimental constraints, including neutrino mass bounds,
charged lepton flavor violation limits, electroweak preci-
sion tests, and existing LHC searches for leptoquarks, we
identified the allowed parameter space and the dominant
production mechanisms for the jΔLj ¼ 2 final state. We
divide these channels into three classes: QCD leptoquark
pair production, electroweak pair production, and single
leptoquark production. Among these, QCD pair production
overwhelmingly dominates the signal across the relevant
parameter space.
Based on background estimates from the CMS same-

sign dilepton plus jets analysis [100], we performed a
collider sensitivity study for the HL-LHC. Our results
indicate that leptoquark masses up tomLQ ∼ 1.5 TeV could
be probed through this LNV channel. These results

demonstrate that the same-sign dilepton plus jets signature
is a promising probe of lepton number violation at the HL-
LHC, providing a direct test of leptoquark-induced radi-
ative neutrino mass generation mechanism.

ACKNOWLEDGMENTS

The work of K. S. B. and D. G. is supported by the U.S.
Department of Energy under Grant No. DE-SC0016013.
The work of R. K. B. is supported by the World Premier
International Research Center Initiative (WPI), MEXT,
Japan, and by JSPS KAKENHI Grant No. JP24K22876.
This work used computing resources at Kavli IPMU.

DATA AVAILABILITY

All results can be reproduced using the publicly available
packages cited in the text.

[1] A. Zee, A theory of lepton number violation, neutrino
majorana mass, and oscillation, Phys. Lett. 93B, 389
(1980); Phys. Lett. 95B, 461(E) (1980).

[2] L. J. Hall and M. Suzuki, Explicit R-parity breaking in
supersymmetric models, Nucl. Phys. B231, 419 (1984).

[3] A. Zee, Quantum numbers of majorana neutrino masses,
Nucl. Phys. B264, 99 (1986).

[4] K. S. Babu, Model of “Calculable” majorana neutrino
masses, Phys. Lett. B 203, 132 (1988).

[5] E. Carquin, N. A. Neill, J. C. Helo, and M. Hirsch, Exotic
colored fermions and lepton number violation at the LHC,
Phys. Rev. D 99, 115028 (2019).

[6] L. M. Krauss, S. Nasri, and M. Trodden, A model for
neutrino masses and dark matter, Phys. Rev. D 67, 085002
(2003).

[7] Y. Cai, T. Han, T. Li, and R. Ruiz, Lepton number
violation: Seesaw models and their collider tests, Front.
Phys. 6, 40 (2018).

[8] K. S. Babu, P. S. B. Dev, S. Jana, and A. Thapa, Non-
standard interactions in radiative neutrino mass models, J.
High Energy Phys. 03 (2020) 006.

[9] K. S. Babu, R. K. Barman, D. Gonçalves, and A. Ismail,
Probing lepton number violation and Majorana nature of
neutrinos at the LHC, J. High Energy Phys. 06 (2024) 132.

[10] J. Schechter and J. Valle, Neutrinoless Double beta decay
in SUð2Þ × Uð1Þ theories, Phys. Rev. D 25, 2951 (1982).

[11] W. H. Furry, On transition probabilities in double beta-
disintegration, Phys. Rev. 56, 1184 (1939).

[12] M. Duerr, M. Lindner, and A. Merle, On the quantitative
impact of the Schechter-Valle theorem, J. High Energy
Phys. 06 (2011) 091.

[13] W.-Y. Keung and G. Senjanovic, Majorana neutrinos and
the production of the right-handed charged gauge boson,
Phys. Rev. Lett. 50, 1427 (1983).

[14] S. N. Gninenko, M. M. Kirsanov, N. V. Krasnikov, and
V. A. Matveev, Detection of heavy Majorana neutrinos and
right-handed bosons, Phys. At. Nucl. 70, 441 (2007).

[15] A. Maiezza, M. Nemevsek, F. Nesti, and G. Senjanovic,
Left-right symmetry at LHC, Phys. Rev. D 82, 055022
(2010).

[16] M. Nemevsek, F. Nesti, G. Senjanovic, and Y. Zhang, First
limits on left-right symmetry scale from LHC data, Phys.
Rev. D 83, 115014 (2011).

[17] C.-Y. Chen and P. S. B. Dev, Multi-lepton collider signa-
tures of heavy Dirac and majorana neutrinos, Phys. Rev. D
85, 093018 (2012).

[18] J. Chakrabortty, J. Gluza, R. Sevillano, and R. Szafron,
Left-right symmetry at LHC and precise 1-loop low energy
data, J. High Energy Phys. 07 (2012) 038.

[19] J. A. Aguilar-Saavedra and F. R. Joaquim, Measuring
heavy neutrino couplings at the LHC, Phys. Rev. D 86,
073005 (2012).

[20] T. Han, I. Lewis, R. Ruiz, and Z.-g. Si, Lepton number
violation and W0 Chiral couplings at the LHC, Phys.
Rev. D 87, 035011 (2013); Phys. Rev. D 87, 039906(E)
(2013).

[21] C.-Y. Chen, P. S. B. Dev, and R. N. Mohapatra, Probing
heavy-light neutrino mixing in left-right seesaw models at
the LHC, Phys. Rev. D 88, 033014 (2013).

[22] P. S. B. Dev, A. Pilaftsis, and U.-k. Yang, New production
mechanism for heavy neutrinos at the LHC, Phys. Rev.
Lett. 112, 081801 (2014).

[23] B. Dutta, R. Eusebi, Y. Gao, T. Ghosh, and T. Kamon,
Exploring the doubly charged Higgs boson of the left-right
symmetric model using vector boson fusionlike events at
the LHC, Phys. Rev. D 90, 055015 (2014).

[24] J. Gluza and T. Jeliński, Heavy neutrinos and the pp → lljj
CMS data, Phys. Lett. B 748, 125 (2015).

BABU, BARMAN, and GONÇALVES PHYS. REV. D 114, 055039 (2026)

055039-10

https://doi.org/10.1016/0370-2693(80)90349-4
https://doi.org/10.1016/0370-2693(80)90349-4
https://doi.org/10.1016/0370-2693(80)90193-8
https://doi.org/10.1016/0550-3213(84)90513-3
https://doi.org/10.1016/0550-3213(86)90475-X
https://doi.org/10.1016/0370-2693(88)91584-5
https://doi.org/10.1103/PhysRevD.99.115028
https://doi.org/10.1103/PhysRevD.67.085002
https://doi.org/10.1103/PhysRevD.67.085002
https://doi.org/10.3389/fphy.2018.00040
https://doi.org/10.3389/fphy.2018.00040
https://doi.org/10.1007/JHEP03(2020)006
https://doi.org/10.1007/JHEP03(2020)006
https://doi.org/10.1007/JHEP06(2024)132
https://doi.org/10.1103/PhysRevD.25.2951
https://doi.org/10.1103/PhysRev.56.1184
https://doi.org/10.1007/JHEP06(2011)091
https://doi.org/10.1007/JHEP06(2011)091
https://doi.org/10.1103/PhysRevLett.50.1427
https://doi.org/10.1134/S1063778807030039
https://doi.org/10.1103/PhysRevD.82.055022
https://doi.org/10.1103/PhysRevD.82.055022
https://doi.org/10.1103/PhysRevD.83.115014
https://doi.org/10.1103/PhysRevD.83.115014
https://doi.org/10.1103/PhysRevD.85.093018
https://doi.org/10.1103/PhysRevD.85.093018
https://doi.org/10.1007/JHEP07(2012)038
https://doi.org/10.1103/PhysRevD.86.073005
https://doi.org/10.1103/PhysRevD.86.073005
https://doi.org/10.1103/PhysRevD.87.035011
https://doi.org/10.1103/PhysRevD.87.035011
https://doi.org/10.1103/PhysRevD.87.039906
https://doi.org/10.1103/PhysRevD.87.039906
https://doi.org/10.1103/PhysRevD.88.033014
https://doi.org/10.1103/PhysRevLett.112.081801
https://doi.org/10.1103/PhysRevLett.112.081801
https://doi.org/10.1103/PhysRevD.90.055015
https://doi.org/10.1016/j.physletb.2015.06.077


[25] J. N. Ng, A. de la Puente, and B.W.-P. Pan, Search for
heavy right-handed neutrinos at the LHC and beyond in the
same-sign same-flavor leptons final state, J. High Energy
Phys. 12 (2015) 172.

[26] A. Maiezza, M. Nemevšek, and F. Nesti, Lepton number
violation in Higgs decay at LHC, Phys. Rev. Lett. 115,
081802 (2015).

[27] F. F. Deppisch, P. S. Bhupal Dev, and A. Pilaftsis, Neu-
trinos and collider physics, New J. Phys. 17, 075019
(2015).

[28] C. Degrande, O. Mattelaer, R. Ruiz, and J. Turner, Fully-
automated precision predictions for heavy neutrino pro-
duction mechanisms at hadron colliders, Phys. Rev. D 94,
053002 (2016).

[29] P. S. B. Dev, R. N. Mohapatra, and Y. Zhang, Probing the
Higgs sector of the minimal left-right symmetric model at
future hadron colliders, J. High Energy Phys. 05 (2016)
174.

[30] A. Roitgrund, Search for like-sign dileptons plus two jets
signal in the framework of the manifest left-right sym-
metric model, J. High Energy Phys. 01 (2021) 031.

[31] M. Nemevšek, F. Nesti, and G. Popara, Keung-Senjanović
process at the LHC: From lepton number violation to
displaced vertices to invisible decays, Phys. Rev. D 97,
115018 (2018).

[32] D. A. Dicus, D. D. Karatas, and P. Roy, Lepton non-
conservation at supercollider energies, Phys. Rev. D 44,
2033 (1991).

[33] A. Datta, M. Guchait, and A. Pilaftsis, Probing lepton
number violation via majorana neutrinos at hadron super-
colliders, Phys. Rev. D 50, 3195 (1994).

[34] A. Ali, A. V. Borisov, and N. B. Zamorin, Majorana
neutrinos and same sign Dilepton production at LHC
and in rare meson decays, Eur. Phys. J. C 21, 123 (2001).

[35] T. Han and B. Zhang, Signatures for Majorana neutrinos at
hadron colliders, Phys. Rev. Lett. 97, 171804 (2006).

[36] J. Kersten and A. Y. Smirnov, Right-handed neutrinos at
CERN LHC and the mechanism of neutrino mass gen-
eration, Phys. Rev. D 76, 073005 (2007).

[37] F. del Aguila, J. A. Aguilar-Saavedra, and R. Pittau, Heavy
neutrino signals at large hadron colliders, J. High Energy
Phys. 10 (2007) 047.

[38] A. Atre, T. Han, S. Pascoli, and B. Zhang, The search for
heavy majorana neutrinos, J. High Energy Phys. 05 (2009)
030.

[39] D. Alva, T. Han, and R. Ruiz, Heavy Majorana neutrinos
from Wγ fusion at hadron colliders, J. High Energy Phys.
02 (2015) 072.

[40] A. Das and N. Okada, Improved bounds on the heavy
neutrino productions at the LHC, Phys. Rev. D 93, 033003
(2016).

[41] A. Das, P. Konar, and S. Majhi, Production of Heavy
neutrino in next-to-leading order QCD at the LHC and
beyond, J. High Energy Phys. 06 (2016) 019.

[42] A. Das, P. Konar, and A. Thalapillil, Jet substructure
shedding light on heavy Majorana neutrinos at the LHC, J.
High Energy Phys. 02 (2018) 083.

[43] M. Drewes, J. Klarić, and P. Klose, On lepton number
violation in heavy neutrino decays at colliders, J. High
Energy Phys. 11 (2019) 032.

[44] B. Fuks, J. Neundorf, K. Peters, R. Ruiz, and M. Saimpert,
Majorana neutrinos in same-sign W�W� scattering at the
LHC: Breaking the TeV barrier, Phys. Rev. D 103, 055005
(2021).

[45] P. D. Bolton, J. Kriewald, M. Nemevšek, F. Nesti, and J. C.
Vasquez, Hadron colliders signatures of lepton number
violation in the type II seesaw model, Phys. Rev. D 111,
035016 (2025).

[46] J. C. Helo, M. Hirsch, S. G. Kovalenko, and H. Pas,
Neutrinoless double beta decay and lepton number viola-
tion at the LHC, Phys. Rev. D 88, 011901 (2013).

[47] J. C. Helo, M. Hirsch, H. Päs, and S. G. Kovalenko, Short-
range mechanisms of neutrinoless double beta decay at the
LHC, Phys. Rev. D 88, 073011 (2013).

[48] F. del Aguila, M. Chala, A. Santamaria, and J. Wudka,
Discriminating between lepton number violating scalars
using events with four and three charged leptons at the
LHC, Phys. Lett. B 725, 310 (2013).

[49] F. del Águila and M. Chala, LHC bounds on lepton number
violation mediated by doubly and singly-charged scalars,
J. High Energy Phys. 03 (2014) 027.

[50] T. Peng, M. J. Ramsey-Musolf, and P. Winslow, TeV
lepton number violation: From neutrinoless double-β
decay to the LHC, Phys. Rev. D 93, 093002 (2016).

[51] J. Harz, M. J. Ramsey-Musolf, T. Shen, and S. Urrutia-
Quiroga, TeV-scale lepton number violation: Connecting
leptogenesis, neutrinoless double beta decay, and colliders,
Phys. Rev. D 110, 035024 (2024).

[52] M. L. Graesser, G. Li, M. J. Ramsey-Musolf, T. Shen, and
S. Urrutia-Quiroga, Uncovering a chirally suppressed
mechanism of 0νββ decay with LHC searches, J. High
Energy Phys. 10 (2022) 034.

[53] M. Aaboud et al. (ATLAS Collaboration), Search for
heavy Majorana or Dirac neutrinos and right-handed W
gauge bosons in final states with two charged leptons and
two jets at

ffiffiffi
s

p ¼ 13 TeV with the ATLAS detector, J. High
Energy Phys. 01 (2019) 016.

[54] A. M. Sirunyan et al. (CMS Collaboration), Search for
heavy Majorana neutrinos in same-sign dilepton channels
in proton-proton collisions at

ffiffiffi
s

p ¼ 13 TeV, J. High
Energy Phys. 01 (2019) 122.

[55] T. G. Rizzo, Doubly charged Higgs bosons and lepton
number violating processes, Phys. Rev. D 25, 1355 (1982);
Phys. Rev. D 27, 657(A) (1983).

[56] A. Crivellin, M. Ghezzi, L. Panizzi, G. M. Pruna, and A.
Signer, Low- and high-energy phenomenology of a doubly
charged scalar, Phys. Rev. D 99, 035004 (2019).

[57] T. Li, C.-Y. Yao, and M. Yuan, Searching for heavy neutral
lepton and lepton number violation through VBS at high-
energy muon colliders, J. High Energy Phys. 09 (2023)
131.

[58] O. Mikulenko and M. Marinichenko, Measuring lepton
number violation in heavy neutral lepton decays at the
future muon collider, J. High Energy Phys. 01 (2024)
032.

[59] S. P. Maharathy and M. Mitra, Type-II see-saw at μþμ−
collider, Phys. Lett. B 844, 138105 (2023).

[60] C. H. de Lima, D. McKeen, J. N. Ng, M. Shamma, and D.
Tuckler, Probing lepton number violation at same-sign
lepton colliders, Phys. Rev. D 111, 075002 (2025).

LEPTON NUMBER VIOLATION AT THE LHC IN RADIATIVE … PHYS. REV. D 114, 055039 (2026)

055039-11

https://doi.org/10.1007/JHEP12(2015)172
https://doi.org/10.1007/JHEP12(2015)172
https://doi.org/10.1103/PhysRevLett.115.081802
https://doi.org/10.1103/PhysRevLett.115.081802
https://doi.org/10.1088/1367-2630/17/7/075019
https://doi.org/10.1088/1367-2630/17/7/075019
https://doi.org/10.1103/PhysRevD.94.053002
https://doi.org/10.1103/PhysRevD.94.053002
https://doi.org/10.1007/JHEP05(2016)174
https://doi.org/10.1007/JHEP05(2016)174
https://doi.org/10.1007/JHEP01(2021)031
https://doi.org/10.1103/PhysRevD.97.115018
https://doi.org/10.1103/PhysRevD.97.115018
https://doi.org/10.1103/PhysRevD.44.2033
https://doi.org/10.1103/PhysRevD.44.2033
https://doi.org/10.1103/PhysRevD.50.3195
https://doi.org/10.1007/s100520100702
https://doi.org/10.1103/PhysRevLett.97.171804
https://doi.org/10.1103/PhysRevD.76.073005
https://doi.org/10.1088/1126-6708/2007/10/047
https://doi.org/10.1088/1126-6708/2007/10/047
https://doi.org/10.1088/1126-6708/2009/05/030
https://doi.org/10.1088/1126-6708/2009/05/030
https://doi.org/10.1007/JHEP02(2015)072
https://doi.org/10.1007/JHEP02(2015)072
https://doi.org/10.1103/PhysRevD.93.033003
https://doi.org/10.1103/PhysRevD.93.033003
https://doi.org/10.1007/JHEP06(2016)019
https://doi.org/10.1007/JHEP02(2018)083
https://doi.org/10.1007/JHEP02(2018)083
https://doi.org/10.1007/JHEP11(2019)032
https://doi.org/10.1007/JHEP11(2019)032
https://doi.org/10.1103/PhysRevD.103.055005
https://doi.org/10.1103/PhysRevD.103.055005
https://doi.org/10.1103/PhysRevD.111.035016
https://doi.org/10.1103/PhysRevD.111.035016
https://doi.org/10.1103/PhysRevD.88.011901
https://doi.org/10.1103/PhysRevD.88.073011
https://doi.org/10.1016/j.physletb.2013.07.014
https://doi.org/10.1007/JHEP03(2014)027
https://doi.org/10.1103/PhysRevD.93.093002
https://doi.org/10.1103/PhysRevD.110.035024
https://doi.org/10.1007/JHEP10(2022)034
https://doi.org/10.1007/JHEP10(2022)034
https://doi.org/10.1007/JHEP01(2019)016
https://doi.org/10.1007/JHEP01(2019)016
https://doi.org/10.1007/JHEP01(2019)122
https://doi.org/10.1007/JHEP01(2019)122
https://doi.org/10.1103/PhysRevD.25.1355
https://doi.org/10.1103/PhysRevD.27.657
https://doi.org/10.1103/PhysRevD.99.035004
https://doi.org/10.1007/JHEP09(2023)131
https://doi.org/10.1007/JHEP09(2023)131
https://doi.org/10.1007/JHEP01(2024)032
https://doi.org/10.1007/JHEP01(2024)032
https://doi.org/10.1016/j.physletb.2023.138105
https://doi.org/10.1103/PhysRevD.111.075002


[61] Q.-H. Cao, K. Cheng, and Y. Liu, Distinguishing Dirac
from majorana heavy neutrino at future lepton colliders,
Phys. Rev. Lett. 134, 021801 (2025).

[62] F.-X. Yang, F.-L. Shao, Z.-L. Han, F. Huang, Y. Jin, and H.
Li, Lepton number violation Higgs decay at muon collider,
J. High Energy Phys. 09 (2025) 200.

[63] R. Aaij et al. (LHCb Collaboration), Search for Majorana
neutrinos in B− → πþμ−μ− decays, Phys. Rev. Lett. 112,
131802 (2014).

[64] I. Esteban, M. C. Gonzalez-Garcia, M. Maltoni, I.
Martinez-Soler, J. a. P. Pinheiro, and T. Schwetz, NuFit-
6.0: Updated global analysis of three-flavor neutrino
oscillations, J. High Energy Phys. 12 (2024) 216.

[65] K. S. Babu and J. Julio, Two-loop neutrino mass gener-
ation through leptoquarks, Nucl. Phys. B841, 130
(2010).

[66] G. Aad et al. (ATLAS Collaboration), Search for pairs of
scalar leptoquarks decaying into quarks and electrons or
muons in

ffiffiffi
s

p ¼ 13 TeV pp collisions with the ATLAS
detector, J. High Energy Phys. 10 (2020) 112.

[67] A. Hayrapetyan et al. (CMS Collaboration), Search for pair
production of scalar and vector leptoquarks decaying to
muons and bottom quarks in proton-proton collisions atffiffiffi
s

p ¼ 13 TeV, Phys. Rev. D 109, 112003 (2024).
[68] D. Aristizabal Sierra, M. Hirsch, and S. G. Kovalenko,

Leptoquarks: Neutrino masses and accelerator phenom-
enology, Phys. Rev. D 77, 055011 (2008).

[69] D. Dercks, H. Dreiner, M. E. Krauss, T. Opferkuch, and A.
Reinert, R-parity violation at the LHC, Eur. Phys. J. C 77,
856 (2017).

[70] M. Aker et al. (KATRIN Collaboration), Direct neutrino-
mass measurement based on 259 days of KATRIN data,
Science 388, adq9592 (2025).

[71] S. Navas et al. (Particle Data Group), Review of particle
physics, Phys. Rev. D 110, 030001 (2024).

[72] L. Lavoura, General formulae for f1 → f2γ, Eur. Phys. J. C
29, 191 (2003).

[73] A. Crivellin, C. Greub, D. Müller, and F. Saturnino, Scalar
leptoquarks in leptonic processes, J. High Energy Phys. 02
(2021) 182.

[74] K. Afanaciev et al. (MEG II Collaboration), New limit on
the μþ - > eþγdecay with the MEG II experiment, Eur.
Phys. J. C 85, 1177 (2025).

[75] B. Aubert et al. (BABAR Collaboration), Searches for
lepton flavor violation in the decays τ� → e�γ and
τ� → μ�γ, Phys. Rev. Lett. 104, 021802 (2010).

[76] A. Abdesselam et al. (Belle Collaboration), Search for
lepton-flavor-violating tau-lepton decays to lγ at Belle, J.
High Energy Phys. 10 (2021) 19.

[77] W. Bertl, R. Engfer et al., A search for mu-e conversion in
muonic gold, Eur. Phys. J. C 47, 337 (2006).

[78] W. Honecker, C. Dohmen et al. (SINDRUM II Collabo-
ration), Improved limit on the branching ratio of μ → e
conversion on lead, Phys. Rev. Lett. 76, 200 (1996).

[79] D. Ambrose et al. (BNL E871 Collaboration), First
observation of the rare decay mode K0

L → eþe−, Phys.
Rev. Lett. 81, 4309 (1998).

[80] F. Takahashi et al. (Particle Data Group), Review of
particle physics, Int. J. Mod. Phys. A 41, 2630011 (2026).

[81] D. Ambrose et al. (BNL Collaboration), New limit on
muon and electron lepton number violation from K0

L →
μ�e∓ decay, Phys. Rev. Lett. 81, 5734 (1998).

[82] E. Cortina Gil et al. (NA62 Collaboration), A measurement
of the Kþ → πþμþμ− decay, J. High Energy Phys. 11
(2022) 011.

[83] A. Sher et al., An Improved upper limit on the decay
Kþ → πþμþe−, Phys. Rev. D 72, 012005 (2005).

[84] S. Alibocus et al. (NA62 Collaboration), Measurement of
the branching ratio of the Kþ →þ νν̄ decay, arXiv:
2607.16413.

[85] R. Mandal and A. Pich, Constraints on scalar leptoquarks
from lepton and kaon physics, J. High Energy Phys. 12
(2019) 089.

[86] K. S. Babu, P. S. B. Dev, S. Jana, and A. Thapa, Unified
framework for B-anomalies, muon g − −2 and neutrino
masses, J. High Energy Phys. 03 (2021) 179.

[87] W. Grimus, L. Lavoura, O. M. Ogreid, and P. Osland, The
Oblique parameters in multi-Higgs-doublet models, Nucl.
Phys. B801, 81 (2008).

[88] A. Crivellin, D. Müller, and F. Saturnino, Leptoquarks in
oblique corrections and Higgs signal strength: status and
prospects, J. High Energy Phys. 11 (2020) 094.

[89] G. Aad et al. (ATLAS Collaboration), Combination of
searches for pair-produced leptoquarks at

ffiffiffi
s

p ¼ 13 TeV
with the ATLAS detector, Phys. Lett. B 854, 138736
(2024).

[90] G. Aad et al. (ATLAS Collaboration), Search for super-
symmetry in final states with missing transverse momen-
tum and charm-tagged jets using 139 fb−−1 of proton-
proton collisions at

ffiffiffi
s

p ¼ 13 TeV with the ATLAS de-
tector, J. High Energy Phys. 02 (2025) 193.

[91] G. Aad et al. (ATLAS Collaboration), Search for pair
production of third-generation leptoquarks decaying into a
bottom quark and a τ-lepton with the ATLAS detector, Eur.
Phys. J. C 83, 1075 (2023).

[92] G. Aad et al. (ATLAS Collaboration), Search for lepto-
quarks decaying into the bτ final state in pp collisions atffiffi
s

p ¼ 13 TeV with the ATLAS detector, J. High Energy
Phys. 10 (2023) 001.

[93] G. Aad et al. (ATLAS Collaboration), Search for lepto-
quark pair production decaying into te− t̄eþ or tμ− t̄μþ

in multi-lepton final states in pp collisions at
ffiffiffi
s

p ¼
13 TeV with the ATLAS detector, Eur. Phys. J. C 84,
818 (2024).

[94] I. d. M. Varzielas and A. Sengupta, Constraining flavoured
leptoquarks with LHC and LFV, Nucl. Phys. B1001,
116495 (2024).

[95] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni,
O. Mattelaer, H. S. Shao, T. Stelzer, P. Torrielli, and M.
Zaro, The automated computation of tree-level and next-
to-leading order differential cross sections, and their
matching to parton shower simulations, J. High Energy
Phys. 07 (2014) 079.

[96] T. Sjostrand, S. Mrenna, and P. Z. Skands, A Brief
Introduction to PYTHIA 8.1, Comput. Phys. Commun.
178, 852 (2008).

[97] A. Alloul, N. D. Christensen, C. Degrande, C. Duhr, and
B. Fuks, FeynRules 2.0—A complete toolbox for tree-level

BABU, BARMAN, and GONÇALVES PHYS. REV. D 114, 055039 (2026)

055039-12

https://doi.org/10.1103/PhysRevLett.134.021801
https://doi.org/10.1007/JHEP09(2025)200
https://doi.org/10.1103/PhysRevLett.112.131802
https://doi.org/10.1103/PhysRevLett.112.131802
https://doi.org/10.1007/JHEP12(2024)216
https://doi.org/10.1016/j.nuclphysb.2010.07.022
https://doi.org/10.1016/j.nuclphysb.2010.07.022
https://doi.org/10.1007/JHEP10(2020)112
https://doi.org/10.1103/PhysRevD.109.112003
https://doi.org/10.1103/PhysRevD.77.055011
https://doi.org/10.1140/epjc/s10052-017-5414-4
https://doi.org/10.1140/epjc/s10052-017-5414-4
https://doi.org/10.1126/science.adq9592
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1140/epjc/s2003-01212-7
https://doi.org/10.1140/epjc/s2003-01212-7
https://doi.org/10.1007/JHEP02(2021)182
https://doi.org/10.1007/JHEP02(2021)182
https://doi.org/10.1140/epjc/s10052-025-14906-3
https://doi.org/10.1140/epjc/s10052-025-14906-3
https://doi.org/10.1103/PhysRevLett.104.021802
https://doi.org/10.1007/JHEP10(2021)019
https://doi.org/10.1007/JHEP10(2021)019
https://doi.org/10.1140/epjc/s2006-02582-x
https://doi.org/10.1103/PhysRevLett.76.200
https://doi.org/10.1103/PhysRevLett.81.4309
https://doi.org/10.1103/PhysRevLett.81.4309
https://doi.org/10.1142/S0217751X26300115
https://doi.org/10.1103/PhysRevLett.81.5734
https://doi.org/10.1007/JHEP11(2022)011
https://doi.org/10.1007/JHEP11(2022)011
https://doi.org/10.1103/PhysRevD.72.012005
https://arXiv.org/abs/2607.16413
https://arXiv.org/abs/2607.16413
https://doi.org/10.1007/JHEP12(2019)089
https://doi.org/10.1007/JHEP12(2019)089
https://doi.org/10.1007/JHEP03(2021)179
https://doi.org/10.1016/j.nuclphysb.2008.04.019
https://doi.org/10.1016/j.nuclphysb.2008.04.019
https://doi.org/10.1007/JHEP11(2020)094
https://doi.org/10.1016/j.physletb.2024.138736
https://doi.org/10.1016/j.physletb.2024.138736
https://doi.org/10.1007/JHEP02(2025)193
https://doi.org/10.1140/epjc/s10052-023-12104-7
https://doi.org/10.1140/epjc/s10052-023-12104-7
https://doi.org/10.1007/JHEP10(2023)001
https://doi.org/10.1007/JHEP10(2023)001
https://doi.org/10.1140/epjc/s10052-024-12975-4
https://doi.org/10.1140/epjc/s10052-024-12975-4
https://doi.org/10.1016/j.nuclphysb.2024.116495
https://doi.org/10.1016/j.nuclphysb.2024.116495
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1016/j.cpc.2008.01.036
https://doi.org/10.1016/j.cpc.2008.01.036


phenomenology, Comput. Phys. Commun. 185, 2250
(2014).

[98] J. de Favereau, C. Delaere, P. Demin, A. Giammanco, V.
Lemaître, A. Mertens, and M. Selvaggi (DELPHES 3
Collaboration), DELPHES 3, A modular framework for fast
simulation of a generic collider experiment, J. High Energy
Phys. 02 (2014) 057.

[99] M. Kramer, T. Plehn, M. Spira, and P. M. Zerwas, Pair
production of scalar leptoquarks at the CERN LHC, Phys.
Rev. D 71, 057503 (2005).

[100] A.M. Sirunyan et al. (CMS Collaboration), Search for phy-
sics beyond the standard model in events with jets and two
same-sign or at least three charged leptons in proton-proton
collisions at

ffiffiffi
s

p ¼ 13 TeV, Eur. Phys. J. C 80, 752 (2020).

LEPTON NUMBER VIOLATION AT THE LHC IN RADIATIVE … PHYS. REV. D 114, 055039 (2026)

055039-13

https://doi.org/10.1016/j.cpc.2014.04.012
https://doi.org/10.1016/j.cpc.2014.04.012
https://doi.org/10.1007/JHEP02(2014)057
https://doi.org/10.1007/JHEP02(2014)057
https://doi.org/10.1103/PhysRevD.71.057503
https://doi.org/10.1103/PhysRevD.71.057503
https://doi.org/10.1140/epjc/s10052-020-8168-3

	Lepton number violation at the LHC in radiative neutrino mass models with leptoquarks
	I. INTRODUCTION
	II. LEPTOQUARK VARIANT OF THE ZEE MODEL
	III. CONSTRAINTS
	A. Neutrino mass constraints
	B. Low energy measurements
	C. Electroweak precision constraints
	D. LHC bounds
	E. Combined constraints

	IV. LNV SIGNATURE AT THE LHC
	V. ANALYSIS
	VI. CONCLUSION
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	References


