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We investigate the prospects for observing lepton number violation (LNV) by two units, |[AL| = 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 SU(2), doublet and singlet leptoquarks, whose interactions produce a
distinctive same-sign dilepton plus jets signature, pp — £*¢'* + 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 mjq ~ 1.5 TeV

with this process. Observation of this signal would provide a direct test of LNV and 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 (Ouvff) [11], the theorem
states that any process that violates lepton number by two
units, |[AL| = 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 |AL| =2 final state at the LHC would
likewise constitute direct evidence for the Majorana nature
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of neutrinos. Unlike Ouvpf 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®, uu*, and e*pu*.
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 — £*¢'* + 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 — £*£'* + 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 — £=¢'* +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 ZEE MODEL

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
SU(3)¢ xSU(2);, x U(1)y and extends the SM particle
content by introducing a SU(2), doublet leptoquark
(LQ) 9(3,2,1/6) = (0*3, 0 "/3) and a singlet LQ
2~ '3(3,1,—1/3). The Yukawa Lagrangian for the LQs
can be written as

‘CYuk D ﬂa/fL:xd;QJG‘lj + /uzﬁLlaQ;})(*elj + H.C., (21)
where {a, #} denote the generation indices and {i, j} are
the SU(2), indices. The couplings A and A" are the Yukawa
coupling constants for the Q and y fields. L and Q are,
respectively, the left-handed lepton and quark doublets, and
d° represent the conjugate of the right-handed down-type
fields.

To ensure proton stability, we assume a global baryon
number symmetry under which both Q and y~'/3 carry
baryon number —1/3. In the absence of this symmetry,
dangerous baryon number violating operators of the type
00y and u‘dy* 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 Q and y~'/3 are identified as the superpartners of the

|

quark doublet and d¢ fields respectively (ie., Q~ Q
and y*'/3 ~ d°).
The Higgs potential contains nontrivial interaction terms
given by
Vo u(Q Hy + (QHy)*) + 4,(H'Q)(QTH).  (2.2)
Here, we have made the complex parameter u real by a
field redefinition. This term in the Higgs potential generates
mixing between the w~'/3 and y~!/3 fields after electro-

weak symmetry breaking, with the mass-squared matrix
given by

, M2, +50 Vo
wal/s_fm - 5 , (2-3)
\/Zuv m;,

where v = 246 GeV is the vacuum expectation value of the
neutral component of the SM Higgs doublet H, Mf)Z /5 15 the
physical mass squared of *3, which includes a contri-
bution from a A,(H" H)(QQ) term, and m, is the bare mass
term plus the contribution from the As(H'H)(y*y) term.
The mixing between @~'/3 and y~'/3 results in the mass
eigenstates X; and X,,

~1/3

X = cos O g3 + sin O o 13, (2.4)

X, = —sinf qo~/3 + cos O o113 (2.5)
The mixing angle 6;q is given by tan260;q =

2v2uv/(m2 + 27v*/2 — m2). The squared masses of the
physical eigenstates X; and X, are given by

1
2

1 2
= \/<M2}2/3 —1—371)2 - mf) + 8utv?|.

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

A
2 7,2 2
sz/3 +o v+ my

2 —
MX].z - 2

(2.6)

Ly = —hapl od50*% = 2 Ve SIn 0ol qutpX | — My Ve €08 0o Z yttp X

+ (Aap €08 Opquadf + Ay Sin OLquady) X1 — (Agp sin Opquady — A5 008 O quady) X, + Hee,

where 7 and v are the charged and neutral-lepton
components of the lepton doublet, and u is the left-
handed wup-type quark. The Yukawa terms in
Eq. (2.7), together with the LQ mixing induced by

(2.7)

|
the cubic scalar term in Eq. (2.2), lead to LNV by
two units, |AL| =2. This allows neutrino mass gen-
eration at one loop as illustrated with the Feynman
diagram in Fig. 1.
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FIG. 1. Feynman diagram representing neutrino mass gener-
ation at one-loop in the Leptoquark variant of the Zee model.

~1/3

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]

Am3, = 7497019 x 107° eV?2,

Am3, = 2.513709% x 1073 eV2,

(3.1)

In addition, kinematic measurements of tritium beta decay,
*H — 3He + e~ + 7, at the KATRIN experiment constrain
the effective electron neutrino mass to m, < 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

0.058eVS> m$12eV at95% CL.  (3.2)

In this work, we adopt normal ordering and fix the lightest
neutrino mass to m; = 0.04 eV. The remaining masses are
then determined from the measured mass-squared
differences: my =+/m?+Am3, and my = \/m3 + Am3,.
Using the values in Eq. (3.1), this yields Y m; ~0.15 eV.

In the leptoquark variant of the Zee model, the neutrino
mass matrix in the flavor basis, M, arises radiatively at one
loop and takes the form

"The parameter m,,_is defined as m2, = 3=, m?|U,,;|*, where U
is the 3 x 3 unitary leptonic Pontecorvo-Maki—Nakagawa—
Sakata (PMNS) mixing matrix.

M,/ = U*diag(ml, my, m3)UT = K(lMd/VT +A/Md/1T),
(3.3)

where the loop-induced coefficient is

k = (3/327%)sin26; 4 In (m%l/m%). (3.4)
Here, M, is the down-type quark mass matrix, and my ,
my, denote the masses of the leptoquark fields X; and X,
respectively. We adopt the standard parametrization for the
3 x 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:

j‘ij = C/ll

ijs

(3.5)

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 x 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 £, — £ + y at one loop, where the y is
radiated either from the leptoquark or the quark lines in the
loop. In this class of processes, the contributions mediated
by the w leptoquark are subject to a Glashow—Iliopoulos—
Maiani-like cancellation [8,65,72,73], resulting in rela-
tively weak constraints on the A couplings. The surviving
terms in the amplitude are suppressed by a factor of order
(m3/m2). In contrast, the processes mediated by X; and
X,, owing to their y~!/3 admixture, can introduce strong
constraints on the A’ couplings. The branching ratio for the
£y — €5 +y process mediated by X; and X, is given by

9aemm§’,,
BR(¢o = Cp+7) = 576(16x%)°T(¢,)

: 29 29 2
« (sm Lo , 08 LQ> . (3.6)

Al

2 2
le mXZ

In Table I, we present the resulting constraints on |4j,47%|
for y — ey, t — ey, and © — py, as a function of 6y and
leptoquark masses my, and my,.

Another rare cLFV process that probes both A and A
couplings is coherent p—e conversion in the nuclei,
uN — eN, which occurs at tree level in these models.
The corresponding branching ratio can be expressed
as [8,65]
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TABLE L
leptoquark masses {m

Summary of constraints from low energy measurements on the leptoquark Yukawa couplings 4 and A’ as a function of
w2/3> My, My, }+ [8,65,74-86]. In the expression for the K™ — 7w constraint, Jand ' are defined as 4 = 27U and

V=1TUu [85], where U is the PMNS matrix (see Sec. III A for details). The indices m, n = 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 (TeV)™2
u—ey BR <15x10713 [74] Mlcdj';,wl|<86><10 4(“9 +mx)_1
2
T—ey BR <3.3x 1078 [75] K ld|<16(va +i)—1
X I‘Vl‘)‘(2
T = py BR <42 x 1074 [76] et < 18(5+ %)™
I’IlX] sz
UN — eN
BT BR <6.1x 107" Bt 2t (3 + ) < 430 1076
ed”ud my, my, :
79 Au BR <7.0x 1075 [77] “f”i”"‘ + ) (G + 1) <429 x 1070
"2 "X, "X
2%%Pb BR < 4.6 x 10711 [78] [ ghal m I/l*,éfl’dl( S 4 2) <3.56 % 10~5
wzn edp my, ’
K > ete” BR < 8.713] x 10712 [79] |,1;d,1€c|( ) <19x1073
K% — /ﬁ"ﬂ‘ BR < (684 + 011) X 10_9 [80] |)“;d}'/ﬂ|<m ) <47 % 10—5

K9 - e*u¥ BR < 4.7 x 10712 [81]

Kt = ntete BR < (3.00 £ 0.09) x 1077 [80]
Kt - ntutu BR < (9.15 £0.08) x 1078 [82]
K+ - ntute BR < 1.3 x 10-11 [83]

Kt =zt BR < 9.61}19 x 10711 [84]

[Resng + Aeadyss| (’”zz/z) <19x%x10°°
)
M dj'e\|<m s ) < 23 X 10
| ud m|<m2—23) < 185 X 10_2
I/liid/l,ml( ) ) |t (—/3) <19x10™*

c o C s Y o
( ;)2) whsm — (m_ffl_._é)’lmﬁdm‘ <3.1x10

es

Zm¢n

BR(uN — eN)
_ ] E.m G i Z | A — 7)2
B 64> ZTy (24-2)
Med ,ud| %/ 17 Sin2 GLQ COS2 QLQ 2
x + R —m . (3.7
wz/z mxl mx2

where p, and E, denote the momentum and energy of the
outgoing electron, Z is the effective atomic number, F, is
the nuclear matrix element, and A and Z are the mass
number and atomic number of the nucleus, respectively. Iy
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 BR(uN — eN) for 33T, 13’Au and 33°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 4 — ey and uN — 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 L.Q 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, 7, and U
[8,87,88]. In our model, they take the form

2 2
+ cos HLQ In

m? W2/

m2
+ 3cos? Oy sin® 0y oG <m—§‘> ) ,

X,
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T 5 (cos2 OLQF (m2 .5, m%)

= 27
87" Aoy ¥

+ sin? QLQ]‘—(mi)z/w mg(z)

— cos? Oy osin® O o F (m3, , mi)) , (3.9)
1 . mz,z/z miz/s
e G ) ) +eos 105 e
m2
— cos? 0 osin® O oG (%) ) (3.10)
mX2
with
1 ab a
b) ==(a+b)— In( = 3.11
Flan) =36 - Lon(5). G
=32 =3c+1 5¢2—-22c+5
= Inc— 3.12
G(e) c—1° T 3-1)7 (3.12)

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

—0.24 < AS < 0.26, —0.23 < AT < 0.25,

and -0.19 < AU <0.17, (3.13)
which we impose in our parameter scans. While AT is
controlled by isospin-breaking effects and therefore typi-
cally favors small mass splittings among the leptoquark
mass eigenstates, AS and AU 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 AT, 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 /s = 13 TeV LHC using £ ~
139 fb~! and 138 fb~! 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

1072

—— bebe
— bubu

--- cece
-=—= Ccucu

1073

opp—yLQ LQ X BR [pb]

0.8 1.2 1.6 2.0
miq [TeV]

FIG. 2. Upper limits on the leptoquark pair production cross
section times branching fraction, pp — LQLQ — X, as a func-
tion of leptoquark mass myg, from searches in the X =
{qgeqe, ququ, cece, ciicu, bebe, bubu} channels by ATLAS
[66] and CMS [67] at the /s = 13 TeV LHC.

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
m,p3—niy, plane that is consistent with current constraints.
Among the three oblique parameters, AT imposes the most
stringent constraint, allowing only a narrow band of small

1.8 6lo=0.2, A7=0.5, ¢=0.13, m; =0.04 eV .
17| T Excluded by AT 7
' Excluded by LHC
I Allowed region
S 1.6
()
=
< 1.4 1
g
1.3
1.24
12 13 14 16 1.7 18
my23 [TeV]
FIG. 3. Parameter space is shown in the m s — my, plane. The

blue shaded region is excluded by constraints from AT at
95% CL, while the yellow shaded region is ruled out by
leptoquark pair production searches at the /s = 13 TeV LHC
[66,67]. The green shaded region denotes the parameter space
consistent with current constraints. Results are shown for the
benchmark scenario {0 = 0.2,2; = 0.5, ¢ = 4;;/4}; = 0.13,
m; = 0.04 eV}.
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mass splittings, Am = m,p;s —my,. For illustration, the
region excluded by the 95% CL constraint on AT is
displayed as a blue-shaded area in Fig. 3 for a represen-
tative benchmark point with 6o =02, 4; =0.5,
¢ = /;j/4; =0.13, and m; = 0.04 eV. By contrast, the
constraints from AS and AU, as well as those from low
energy observables, are significantly weaker and do not
restrict the scanned parameter region. The stronger sensi-
tivity of AT arises because it is particularly sensitive to
isospin-breaking effects, i.e., mass splittings within weak
multiplets, whereas AS and AU are less affected by such
splittings.

The region allowed by AT 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 myq < 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,
Am=m,p; —my , and leptoquark masses my g 2 1.4 TeV,
to explore the potential for observing a signature of lepton
number violation at the HL-LHC.

(1) QCD pair production of leptoquarks

pp = &P = (0 = £4)) (07 > (X[ = £5)) (W™ = i),
pp = XoXi = (X5 = (0?7 > €7 ))(W™ = jj))(X] = 7))

pp = XoX5 = (Xo = (@ = £5))(W™ = jj))(X5 = £7 ).

In this production mode, QCD pair production of
leptoquarks is followed by leptoquark decays through
different channels to yield the pp — £+£'* + jets
signature. A representative Feynman diagram for this
channel is shown in Fig. 4 (left panel). For instance, in
the case of pp — w*3w™?/3, ®*/> may decay into
w?/? — ¢+, while its antiparticle @~/ can undergo
either on shell decay w3 — XiW-, if
mgps —my, > my, followed by Xj— #%j and

[0)
1C
< +
W23, Y,
/

X f gl +

u

IV. LNV SIGNATURE AT THE LHC

The characteristic signature of LNV by two units,
|AL| = 2, at the LHC is the production of two same-sign
charged leptons accompanied by jets, pp — £5£'F + 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 |[AL| = 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.

(4.1)
(4.2)

(4.3)

|
W~ — jj, or three-body decay w?/3 — X7 jj, with
X} — ¢7j. 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 = 03X, > (0P =07 )) (X, > 7)), (44)

£+

X <
d

k4

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 — £+*£'* + jets at the LHC.
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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.

This process is generated by quark-quark scattering,
qq — ®**X;,, mediated by s-channel W boson
exchange. A representative Feynman diagram is
shown in Fig. 4 (central panel). The relevant vertices
W-w??X, and W-w?/3X, originate from the Higgs
trilinear coupling, with interaction strengths propor-
tional to cos @y and sin 6y, respectively. Further
model details are provided in Sec. II.

To realize the LNV signature, both leptoquarks,
®?/3 and X7 ,, must decay into “visible” final states:
w?® - ¢*j and Xj, — £*j. However, when the
mass splitting m, s — my, , exceeds the W boson
mass, the decay ®*3 — W*X,, can become dom-

inant. For smaller mass splittings m, s —my, , <my,
the three-body decays w*3 — jjX, can still have
appreciable rates for small values of A. The visible
decay mode X; — £~u, controlled by A'sin 6\,
competes with invisible channels such as X; — vd
and X, — vu, which are sensitive to A’'sinfjg
and Acos6 g, respectively. Since neutrino final
states obscure the lepton number information, the
LNV signal is appreciable when visible modes
dominate, ie., when A'sinfg > Acosf . The
case of X, is qualitatively similar to X;, with the
favorable region for the visible decay channel
being ' cos O o > Asinfy .
(3) Single leptoquark production

pp — a)—2/3bﬂ+

= (07 > (X > 7 ))(W™ = jj)er,  (4.5)

pp =Xl = (Xy = (0?3 = 7)) (W™ > jj)ET,

(4.6)
pp — Xl,z*f+j - (Xl,z* - 1)t ], (4.7)
pp = &3t j = (0P = 1))t (4.8)

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, A and A'. In our analysis we assume the relation
Aij = chl I 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 — £*¢'* + 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 — £+¢'* + jets
at the LHC are summarized in Table II. We simulate these
LNV signal events using MadGraph5_aMC@NLO [95], inter-
faced with Pythiag [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 —
£t + jets arising from the QCD pair production, EW
pair production, and single leptoquark production modes at
\/s = 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 X; — £~j dominates or is at least
comparable to the neutrino-containing decay channel.
From the Yukawa Lagrangian in Eq. (2.7), this condition
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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,

plus jets final state, pp — £+£'* + jets, at the LHC.

AL| = 2, same-sign dilepton

Production modes

LNV signature: pp — £+ + jets

QCD 0?23 0 = £t 0723 = (X = £ ))(W™ = jets)
o =7 @ = (X; = 7)) (W = jets)
X, X3 X;—¢ X, = (0?3 = £4j) (W™ = jets)
X\ X5 X, > 7 X5 = (073 = £7j) (W = jets)
X, X5 X3 -t X, = (0?3 = £ j)(W™ = jets)
Xo =67 X3 = (@72 > £ j)(W = jets)
EW w2/3X1~ 0?3 = f+j XT N f+j
o 23X, w23 - 7 X\ =>77j
CUZBXE a)2/3 N I/ﬂ-f—] X; N f+j
w 23X, w2 5 X, = 7]
Single-LQ w23t 073 = (X = 1)) (W™ = jets)
0?3 0*? = (X, = £7j)(WH = jets)
X, " X, = (0?3 = £7j)(W™ = jets)
X6 X5 = (0723 = 7)) (W = jets)
Xi,0%) Xi, =Y
X267 Xip= 7]
w2/3f+j a)2/3—>f+j
a)‘2/3f_j w23 > £7j

translates to A’ sin 6 2 4 cos 6y . 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 — £5'* + jets mediated by QCD pair production,
EW pair production, and single leptoquark production as a
function of the leptoquark mass m,zs. 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.? For instance, the gg — @ 2/3£+
channel is suppressed by a factor of ~|1[%. In the allowed
parameter space, the Yukawa couplings to the valence
quarks are typically small |A,,]. |4,4| < 1073, 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.

*This 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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69=02, Am=10 GeV, A;=0.5, c=0.13, m; =0.04 eV

1074 e
95% CL 3 ab™
— 1073
=
= QCD: pp-[*'* +jets
-6
~ 10
3
© 1077
EW: pp-[*'* +jets
1078
1.4 1.5 1.6 1.7
my23 [TeV]

FIG. 6. Stacked cross section for the LNV process, pp —
£E¢'* +jets, mediated by QCD pp —LQ LQ (yellow),
EW pp - LQ LQ (blue), and single leptoquark production
pp — LQZ (gray) at /s = 13 TeV, assuming leptoquark mixing
angle 019 =0.2, Am=m s —my, =10 GeV, 4; = 0.5, c=
Aij/igj =0.13, and m; = 0.04 eV. The 95% confidence level
limits are shown for an integrated luminosity of 137 fb~! (red
dashed) and for the HL-LHC projection with 3 ab~! (red solid).

The LNV signal pp — £*¢'* + 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~! of data [100], and
rescale them to 3 ab~! 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 pr, > 25 GeV and pseudor-
apidity || < 2.5 for electrons and |r7,| < 2.4 for muons.
Events must also include at least two jets, reconstructed
using the anti-k7 jet algorithm with radius R = 0.4,
satisfying pr; > 40 GeV and |;| < 2.4. To suppress back-
ground contributions, events with same-flavor dileptons
having invariant mass m,, < 12 GeV, or different-flavor
leptons with m,» < 8 GeV, are vetoed. Events are also

5
my2 =1.4TeV, Am =10 GeV, 6q=0.2,
41 c=0.13, m;=0.04eV,A;=0.5
= ]
@
2
14
0.1 0958 1 2

£lab™]

required to have only small missing energy £ < 50 GeV
and a large scalar sum of the transverse momenta
Hy > 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:
0o =02, myps=14TeV, Am =10 GeV, 4; =0.5,
c= /lij//lgj = 0.13, and m; = 0.04 eV. The signal signifi-

cance is quantified using S/v/B, 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 2¢ sensitivity to LNV
can be achieved around £ ~ 790 fb~!. In Fig. 7 (right
panel), the signal significance is shown as a function of
leptoquark mass m,ps, assuming a mass splitting
Am =m,p;s —my =10 GeV. We observe that the
HL-LHC with £ =3 ab~! will be able to probe the
LNV signal for leptoquark masses up to approxi-
mately m o5 ~ 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 — ££/* +
jets at the HL-LHC within the leptoquark variant of the
Zee model.

Am =10 GeV, 6,9=0.2, c=0.13,
6 m=0.04ev, 1,=05
T
Q0
©
m 4
[
2
P
wn
1.4 1.5 1.6 1.7
mys [TeV]

FIG. 7. Signal significance S/+/B for the LNV process pp — ¢*¢'* + jets at the LHC with /s = 13 TeV. Left: Significance as a

function of integrated luminosity. Right: Significance at the HL-LHC with £ = 3 ab™! as a function of the leptoquark mass m

w3

assuming 0o = 0.2, Am =10 GeV, 4; =0.5, ¢ = ﬂij//lﬁ-j =0.13, and m; = 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 |AL| = 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 to my g ~ 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.
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