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We investigate the quark-level effective operators related to the neutrinoless double beta ð0νββÞ decay
process and their ultraviolet completions relevant to chiral enhancement effects at the hadronic level. We
have classified several kinds of leptoquark models, matching to different standard model effective
operators. Assuming weakly coupled new physics, we find the ongoing 0νββ decay experiments are
sensitive to new physics scale at around 2–4 TeV, which is in the reach of LHC searches. We discuss the
discovery potential of such resonances in the same-sign dilepton channels at the LHC. Therefore, the direct
LHC searches and indirect 0νββ decay searches are complementary to each other in testing the UV
completions of the effective operators for 0νββ decay.
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I. INTRODUCTION

The origin of the tiny neutrinomasses remainsmysterious
in particle physics. To understand thismystery, it is crucial to
know the nature of neutrinos, whether the neutrinos are
Majorana orDirac fermions. Neutrinoless double beta decay
ð0νββÞ in nuclei provides the most sensitive way to assess
the Majorana nature of neutrinos [1]. It has been shown [2]
that if the 0νββ decay process is observed, neutrinos must
have Majorana masses.
There have been lots of studies on 0νββ decay, from the

search for the signal in the standard mechanism with the
exchange of three light Majorana neutrinos to the various
interpretations in terms of new physics beyond the standard
model (BSM); e.g., see Refs. [3,4] for review. In ultraviolet
(UV) theories such as the left-right symmetric model
(LRSM) [5,6], the origin of neutrino masses is explained
while promising signals in 0νββ decay and at colliders are

predicted [7–10]. Besides the Majorana masses of neutri-
nos, 0νββ decay can also arise from other lepton-number-
violating (LNV) sources, which may give negligible con-
tributions to the neutrino masses.
Given the hierarchy between the new physics scale and

the nuclei scale, the effective field theory (EFT) framework
has been utilized [8,11–13] to systematically parametrize
various new physics effects in the low-energy hadronic and
nuclei scales, matching theories to experiments with
unprecedented sensitivities.
Above the electroweak (EW) scale, the BSM physics

can be systematically described by a series of higher-
dimensional operators in the standard model effective field
theory (SMEFT), which respects the SUð3ÞC × SUð2ÞL ×
Uð1ÞY gauge symmetry. Effective operators with odd
dimensions can give rise to the lepton number violation
by twounits,ΔL ¼ 2. There is only onedim-5 (dimension5)
operator, that is the Weinberg operator [14], while the
numbers of effective operators at higher dimensions blow
up. The complete bases of dim-7 [15,16] and dim-9
operators [9,17] in the SMEFT have been obtained in recent
years. Below the EW scale, the SM heavy fields including
Higgs boson, top quark, andW and Z bosons are integrated
out leading to the low-energy EFT (LEFT) with the
unbroken SUð3ÞC ×Uð1Þem gauge symmetry. The com-
plete bases of effective operators in the LEFT up to dim 9
have been achieved [18–20].
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Below the hadronic scale, the quark-lepton operators
should be matched to the chiral Lagrangian at the hadronic
level, and these hadronic operators are organized by chiral
power counting. If the 0νββ decay process originates from
the exchange of BSM fields, the LNV interactions at low
energies are described by the dim-9 quark-lepton operators
in the LEFT. Among them, the operators O4ēLecL and
O4ēRecR [cf. Eq. (2)] give rise to the long-range pion
exchange at the hadronic scale with chiral enhancement
[11,21]. The impact on the half-life of 0νββ decay has been
studied in detail in Refs. [8,11].
Assuming weakly coupled new physics, the future tonne-

scale 0νββ experiments are typically sensitive to the new
physics scale Λ around 1–2 TeV, which is in the reach of the
searches at the Large Hadron Collider (LHC) [22,23].
However, the chiral enhancement effect would greatly
enhance the 0νββ decay rate and, thus, push the new
physics scale Λ to 2–4 TeV. This has been investigated in
the LRSM [24] due to the large mixing between the left- and
right-handed W bosons, which renders the effective oper-
ators O4ēLecL and O4ēRecR after integrating out heavy
particles below the EW scale. However, in this scenario
the new physics scale characterized by the right-handed
W boson mass has been severely constrained by the LHC
data [25]. This motivates us to consider other kinds of UV
scenarios with chiral enhancement at low energies.
The UV completions of the dim-9 quark-lepton operators

responsible for 0νββ decay have been systematically
classified at tree level [26] and one-loop level [27]. With
the development of the EFTs, new ways of constructing the
UV completions of the effective operators in the SMEFT
have been proposed [28], which have been used to obtain
the complete UV resonances at tree level up to the dim-7
level [29] and the dim-8 level [30]. Following these, we
find that there are certain tree-level UV completions that
have not been discussed in Ref. [26].
In this work, rather than investigating all UV comple-

tions1 of the dim-9 SMEFT operators for 0νββ decay, we
will focus on the UV resonances that give rise to the chiral
enhancement while not severely constrained experimen-
tally. Technically, we investigate possible “two-step” UV
relations of the dim-9 quark-lepton operators, namely, from
LEFT to the SMEFT and then to the UV models, and focus
on the operators that lead to chiral enhancement at the
hadronic scale.
We find that leptoquarks (LQs) are good candidates for

the UV completions of the operators O4ēLecL and O4ēRecR,
which are weakly constrained compared to the right-handed
W boson [32] with the mass mLQ ≥ 1.8 TeV. These UV
resonances could be probed by both future tonne-scale

0νββ decay experiments indirectly and the current and
future LHC experiments directly through searching for
lepton number violation, which is important to uncover the
mechanisms for 0νββ decay. Previous studies of ΔL ¼ 2
lepton number violation induced by LQs at the LHC can be
found in Refs. [22,23,33,34].
The remainder of the paper is organized as follows. In the

next section, the effective operators for 0νββ decay in the
SMEFT and LEFTwith chiral enhancement are studied. In
Sec. III, possible UV completions of the SMEFT operators
with LQs are obtained. In Sec. IV, the half-life of 0νββ
decay expressed in terms of the Wilson coefficients of the
LEFT operators is given and the reach to the LNV scale is
estimated. In Sec. V, LHC searches for the UV resonances
are investigated. In Sec. VI, the sensitivities to the UV
model in the 0νββ decay and LHC searches are combined
and discussed. We conclude in Sec. VII.

II. EFFECTIVE OPERATORS FOR 0νββ DECAY

In this work, we will study the effective operators that
give rise to chirally enhanced contributions to 0νββ decay.
In the LEFT below the EW scale, the ΔL ¼ 2 quark-lepton
interactions responsible for 0νββ decay are expressed
as [8,21]

Lð9Þ
LEFT ⊃

1

v5
X8
i¼1

ðCð9Þ
iL ēLe

c
L þ Cð9Þ

iR ēRe
c
RÞOi þ � � � ; ð1Þ

where the quark operators Oi are explicitly given in
Ref. [8], v ¼ 246 GeV, and the dots depict the terms with
different lepton bilinears.
We consider the scenario where only the dim-9 operator

Oð9Þ
4X ≡O4ēXecX with X ¼ L or R is generated directly after

the electroweak symmetry breaking (EWSB). The quark
operator is defined as [8,21]

O4 ¼ q̄αLγμτ
þqαLq̄

β
Rγ

μτþqβR; ð2Þ

where qL=R ¼ ðu; dÞTL=R are the left- and right-handed
isospins, τþ ¼ ðτ1 þ iτ2Þ=2 with τi the Pauli matrices,
and α and β are color indices. Hereafter, for a chiral
fermion field ψ , we use the notations ψc ≡ Cψ̄T and ψ̄c ¼
ψTC with C the charge-conjugation matrix.

The operatorOð9Þ
4X would mix withOð9Þ

5X ≡O5ēXecX due to
the QCD renormalization group evolution (RGE), where
the quark operator

O5 ¼ q̄αLγμτ
þqβLq̄

β
Rγ

μτþqαR: ð3Þ

The corresponding RGE of the Wilson coefficients is
[8,35,36]

1Although we use the terminologies “UV completion” and
“UV model,” the models we discuss might be embedded into
more fundamental UV theories; see Ref. [31], for example, for the
related topic. In this sense, they are actually simplified models.
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d
d ln μ

�
Cð9Þ
4X

Cð9Þ
5X

�
¼ αs

2π

�
1 0

−3 −8

��
Cð9Þ
4X

Cð9Þ
5X

�
; ð4Þ

where αs is the strong coupling. From the scale mW ¼
80.4 GeV to the hadronic scale ΛH ¼ 2 GeV, we obtain

�
Cð9Þ
4X ðΛHÞ

Cð9Þ
5X ðΛHÞ

�
¼

�
0.90 0

0.45 2.3

��
Cð9Þ
4X ðmWÞ

Cð9Þ
5X ðmWÞ

�
: ð5Þ

Both the quark-lepton operators Oð9Þ
4X and Oð9Þ

5X can be
mapped to the ΔL ¼ 2 hadron-lepton operators at the
hadronic scale with chiral enhancement in chiral effective
field theory; see Refs. [8,11,21] for details. From Eq. (5),

we can see that a nonzero Cð9Þ
5X is induced at the hadronic

scale, although it is vanishing at the scale μ ¼ mW . The

half-life of 0νββ decay includingCð9Þ
4X andCð9Þ

5X will be given
in Sec. IV.
Above the EW scale, effective operators in the SMEFT

are written as

LðdÞ
SMEFT ¼

X
i

CðdÞi

Λd−4O
ðdÞ
i ; ð6Þ

where CðdÞi are the Wilson coefficients and Λ is the UV
scale. In order to generateΔL ¼ 2 lepton number violation,
the mass dimension d should be an odd number. For d ¼ 5,
the Weinberg operator [14] arises, which is irrelevant to

Oð9Þ
4X . For d ¼ 7, 9, the complete bases of operators have

been obtained in Refs. [9,15–17].
At the dim-7 level [15,16], there is only one SMEFT

operator that is related to Oð9Þ
4X [13]:

Oð7Þ
d̄uLLD

¼ ϵijðd̄RγμuRÞðL̄c
i iDμLjÞ; ð7Þ

where L ¼ ðνe; eÞTL is the SM lepton doublet with the flavor
index omitted, Dμ is the covariant derivative, ϵ≡ iτ2 is the
antisymmetric tensor with τ2 the second Pauli matrix,
and DμLj ≡ ðDμLÞj.
At the dim-9 level, there are four relevant SMEFT

operators [13], which are expressed as [9]

Oð9Þ
1 ¼ ϵijðd̄RγμeRÞðūcReRÞHjDμHi;

Oð9Þ
2 ¼ ϵikðd̄RLjÞðL̄c

i γ
μuRÞH†jDμHk;

Oð9Þ
3 ¼ ϵijðd̄RγμuRÞðL̄c

i DμLjÞHkH†k;

Oð9Þ
4 ¼ ϵikðūαRQβ

j ÞðL̄jdαRÞðL̄iQ
βc
k Þ: ð8Þ

Here, DμHi ≡ ðDμHÞi and H†j ≡ ðH†Þj are used for
brevity, and Q is the left-handed quark doublet with α
and β the color indices.

Notice that the quark and lepton fields are contracted

with each other in the operators Oð9Þ
1 , Oð9Þ

2 , and Oð9Þ
4 . In

order to match with Oð9Þ
4X , we use the Fierz relations derived

in Ref. [16] and express them as

Oð9Þ
1 ¼ −

1

2
ϵijðd̄RγμuRÞðēcReRÞHjDμHi; ð9Þ

Oð9Þ
2 ¼ −ϵikðd̄RLiÞðL̄c

jγ
μuRÞH†jDμHk

− ϵikðL̄c
i LjÞðd̄RγμuRÞH†jDμHk; ð10Þ

Oð9Þ
4 ¼ −

1

2
ϵikðūαRγμdαRÞðL̄jγμQ

β
j ÞðL̄iQ

βc
k Þ

¼ 1

2
ϵikðūαRγμdαRÞðL̄iγμQ

β
j ÞðL̄jQβc

k Þ

þ 1

2
ϵikðūαRγμdαRÞðQ̄β

kγμQ
β
j ÞðL̄iLjcÞ: ð11Þ

The isospin indices i ¼ j are further required in Eqs. (10)

and (11), so that Oð9Þ
2 and Oð9Þ

4 can be converted into the
operators with separate quark and lepton bilinears. As a
result, we can obtain that the Wilson coefficients of the
SMEFToperators in Eqs. (7) and (8) remain the same above
the EW scale since the vector quark current does not evolve
in QCD [8].
After the EWSB, the Wilson coefficients of the SMEFT

operators are matched to Cð9Þ
4X . The matching conditions at

the scale μ ¼ mW are [13]

Cð9Þ
4R ðmWÞ ¼

i
2
Vud

v5

Λ5
Cð9Þ�1 ; ð12Þ

Cð9Þ
4L ðmWÞ ¼

i
2
Vud

v5

Λ5
ðCð9Þ�2 þ 2Cð9Þ�3 Þ

þ 1

4

v5

Λ5
Cð9Þ4 − 2Vud

v3

Λ3
Cð7Þ�
d̄uLLD

; ð13Þ

where Vud ¼ 0.974 denotes the quark mixing in the SM.
We can see that the contributions of the dim-9 SMEFT
operators in Eq. (8) to the Wilson coefficients of the LEFT

operators Oð9Þ
4X X ¼ L, R are proportional to v5=Λ5,2 while

that of the dim-7 operator in Eq. (7) is proportional
to v3=Λ3.

III. UV COMPLETION

In this section, we will investigate possible UV com-
pletions of the SMEFT operators discussed in Sec. II. It is
noted that there is no tree-level UV completion of the dim-7

2The contribution ofOð9Þ
4 is comparable to the other three dim-

9 SMEFToperators, since for the latter both Higgs fields develop
the vacuum expectation values that cancel m2

W in the propagator
in the matching.
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SMEFT operator Oð7Þ
d̄uLLD

[28]. The Wilson coefficient

Cð7Þ
d̄uLLD

obtained by integrating out heavy fields at one-
loop level is suppressed by the loop factor 1=ð16π2Þ; thus, it
is expected to be comparable to the Wilson coefficients of

the dim-9 SMEFT operators Oð9Þ
i (i ¼ 1;…; 4) if they are

obtained at tree level in UV models with the LNV scale
Λ ∼ 4πv.
Moreover, the dim-9 SMEFT operator Oð9Þ

1 can be
realized in the LRSM from the exchange of both left-
and right-handed W bosons [8,11,24]. As mentioned in
Sec. I, such contribution is suppressed by the right-handed

W boson mass. Besides, Oð9Þ
4 could originate from the

exchange of charged scalars, which was considered in the

LRSM [37]. This is easily verified if one converts Oð9Þ
4 into

the following SMEFT operator in the basis of Ref. [17]:

Oð9Þ
dQQuLL2 ¼ ϵijðd̄αQβ

i ÞðQ̄βuαÞðL̄cLjÞ ð14Þ

using the Fierz identities. However, such a physical
scenario is severely constrained by the charged lepton-
flavor-violating searches [7,24].
In the following, we will study possible UV completions

with the LQs that are weakly constrained. In Table I, the
new fields we introduce are listed, and their interactions
with the SM fields are given for each case.

A. Dim-9 SMEFT operator: Oð9Þ
1

First, we consider a UV model with the following

interactions as the explicit completion of Oð9Þ
1 :

L ⊃ λedðd̄RγμeRÞUμ
1 þ λuΨR̃�

2ū
c
RΨR

þ λDHU
μ†
1 R̃2ϵðiDμHÞ þ fΨeΨ̄LHeR þ H:c:; ð15Þ

where “H:c:” represents the Hermitian conjugate terms. A
scalar LQ field R̃2, a vector LQ field U1, and vectorlike
fermions ΨL and ΨR with opposite chirality are introduced
with the quantum number being specified in Table I. The
vectorlike fermion doublets are expressed as

ΨL ¼
�
NL

EL

�
; ΨR ¼

�
NR

ER

�
: ð16Þ

The kinetic and mass terms are omitted here, and discussion
on the mixing of lepton fields is given in Appendix A.
After integrating out the heavy fields U1, R̃2, and Ψ ¼

ðΨL;ΨRÞ at tree level, we obtain the dim-9 SMEFT

operator Oð9Þ
1 (cf. Fig. 1) with the Wilson coefficient

Cð9Þ1

Λ5
¼ i

λedλuΨλDHfΨe
m2

Um
2
RmΨ

; ð17Þ

wheremU,mR, andmΨ denote the masses ofU1, R̃2, andΨ,
respectively.
If all of the couplings in Eq. (15) are nonvanishing,

λedλuΨλDHfΨe ≠ 0, there is ΔL ¼ 2 lepton number viola-
tion, and vice versa. To see it, following Ref. [23] we
consider a fictitious lepton number Uð1ÞL under which
the fields are charged and the couplings are treated as
spurions to make the Lagrangian in Eq. (15) invariant. Let
qðU1Þ ¼ r, qðR̃2Þ ¼ s, and qðΨÞ ¼ t; we have qðλedÞ ¼
−ðrþ 1Þ, qðλuΨÞ ¼ s − t, qðλDHÞ ¼ r − s, and qðfΨeÞ ¼
t − 1, which implies that qðλedλuΨλDHfΨeÞ ¼ −2.

B. Dim-9 SMEFT operator: Oð9Þ
2

Then we introduce a UVmodel as an explicit completion
of Oð9Þ

2 with the interactions as follows:

L ⊃ fLEðL̄E0
RÞH þ λDHðiDμHÞ†Ṽμ

2S̄
�
1

þ λEdðĒ0
LdRÞS̄1 þ λLuðL̄γμucRÞϵṼμ†

2 þ H:c:; ð18Þ

TABLE I. The new fields with the corresponding quantum numbers ðX; Y; ZÞ under the SUð3ÞC, SUð2ÞL, and
Uð1ÞY gauge groups are shown. We label the masses of scalar LQs: R̃2, S̄1, and S1; vector LQs: U1 and Ṽ2;
vectorlike fermions: Ψ ¼ ðΨL;ΨRÞ, E0 ¼ ðE0

L; E
0
RÞ, and d0 ¼ ðd0L; d0RÞ; and singlet scalar: S as mR, mS̄1 , mS1 , mU,

mV , mΨ, mE0 , md0 , and mS, respectively. The vectorlike fermions are introduced to make the models anomaly-free.
We follow the notations of Ref. [38] for LQs; see also Ref. [39].

Operator Leptoquark(s) Vectorlike fermions Singlet scalar

Oð9Þ
1

R̃2 ∈ ð3; 2; 1=6Þ U1 ∈ ð3; 1; 2=3Þ ΨL;R ∈ ð1; 2;−1=2Þ � � �
Oð9Þ

2
S̄1 ∈ ð3̄; 1;−2=3Þ Ṽ2 ∈ ð3̄; 2 − 1=6Þ E0

L;R ∈ ð1; 1;−1Þ � � �
Oð9Þ

3
R̃2 ∈ ð3; 2; 1=6Þ � � � ΨL;R ∈ ð1; 2 − 1=2Þ S∈ ð1; 1; 0Þ

Oð9Þ
4

R̃2 ∈ ð3; 2; 1=6Þ S1 ∈ ð3̄; 1; 1=3Þ ΨL;R ∈ ð1; 2 − 1=2Þ � � �
Oð7Þ

d̄uLLD
Ṽ2 ∈ ð3̄; 2 − 1=6Þ � � � ΨL;R ∈ ð1; 2;−1=2Þ, d0L;R ∈ ð3; 1;−1=3Þ S∈ ð1; 1; 0Þ

FIG. 1. Feynman diagram for the UV completion of Oð9Þ
1 .
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where the new fields we introduce are vectorlike fermions
E0
L and E0

R, a scalar LQ S̄1, and a vector LQ Ṽ2, which are
specified in Table I.
After integrating out the heavy fields at tree level

(cf. Fig. 2.), we can obtain the operator Oð9Þ
2 with the

Wilson coefficient

Cð9Þ�2

Λ5
¼ −i

fLEλEdλDHλLu
mE0m2

S̄1
m2

V
: ð19Þ

The condition fLEλEdλDHλLu ≠ 0 implies lepton number

violation as the case of Oð9Þ
1 .

C. Dim-9 SMEFT operator: Oð9Þ
3

The operators Oð9Þ
1 and Oð9Þ

2 involve the covariant
derivative on the Higgs doublet DμH, which can be
generated directly after integrating out the heavy fields.

The situation of the operator Oð9Þ
3 is different, as the mass

dimension of DμL is 5=2, so that it can emerge only from
the kinematic terms of fermions.
An example UV completion of Oð9Þ

3 is given as follows:

L ⊃ λLdðL̄dRÞϵR̃�
2 þ λuΨðΨ̄RucRÞR̃2

þ fLΨðL̄ΨRÞSþ μðH†HÞS�; ð20Þ

where a scalar LQ R̃2, vectorlike fermions Ψ, and a real
singlet scalar S are introduced, which are listed in Table I.
After integrating out the heavy fields at tree level

(cf. Fig. 3), we can obtain the following effective inter-
actions:

Leff ⊃ −
λLdλuΨfLΨμ
m2

R2
m2

Ψm
2
S
ϵij½ðL̄idRÞðL̄jγμiDμucRÞðH†HÞ

þ ðL̄iiDμdRÞðL̄jγμucRÞðH†HÞ
þ ðiDμL̄idRÞðL̄jγμucRÞðH†HÞ�: ð21Þ

The covariant derivatives of the SM fields in Eq. (21) are
tracked from the kinematic terms of the vectorlike fermions
Ψ. The details are given in Appendix B. Since the covariant
derivativesDμucR andDμdR do not involve theW boson and

would not generate 0νββ decay at lower energies, only

the third term is relevant. We label it as Oð9Þ0
3 with the

coefficient

Cð9Þ03

Λ5
¼ −

λLdλuΨfLΨμ
m2

Rm
2
Ψm

2
S

: ð22Þ

Using the Fierz relations derived in Ref. [16], we can

convert Oð9Þ0
3 into Oð9Þ

3 :

Oð9Þ0
3 ¼ −iOð9Þ†

3 þ ϵijðūRγμiDμLicÞðL̄jdRÞðH†HÞ: ð23Þ

Thus, the Wilson coefficient3

Cð9Þ03

Λ5
¼ i

Cð9Þ�3

Λ5
: ð25Þ

Similarly, the condition of lepton number violation is
λLdλuΨfLΨμ ≠ 0.

D. Dim-9 SMEFT operator: Oð9Þ
4

Besides the LRSM mentioned before, the six-fermion

operator Oð9Þ
4 can also be realized in the following UV

model:

L ⊃ λLdðL̄dRÞϵR̃�
2 þ λuΨðΨ̄RucRÞR̃2

þ fΨSS1ðQ̄cϵΨLÞ þ fLQðL̄ϵQcÞS�1 þ H:c:; ð26Þ

where two scalar leptoquarks R̃2 and S1 and vectorlike
fermions ΨL and ΨR with opposite chirality are introduced
with the quantum number being specified in Table I. A
similar model was introduced in Table 8 in Ref. [26] as the

UV completion of the LEFT operator Oð9Þ
4L .

FIG. 2. Feynman diagram for the UV completion of Oð9Þ
2 . FIG. 3. Feynman diagram for the UV completion of Oð9Þ

3 . The
red dot labels the insertion of the covariant derivative.

3It is noted that in Eq. (23) the second term, which is redundant
by using the equation of motion, also contributes to the Wilson
coefficient of the LEFT operator Oð9Þ

4L . Thus, the matching
condition at the scale μ ¼ mW is

Cð9Þ
4L ðmWÞ ¼

1

2
Vud

v5

Λ5
Cð9Þ03 ðmWÞ: ð24Þ
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After integrating out the heavy fields at the tree level
(cf. Fig. 4), we have

Cð9Þ4 ¼ −
λLdλuΨfΨSfLQ
m2

RmΨm2
S1

; ð27Þ

and the condition for lepton number is λLdλuΨfΨSfLQ ≠ 0.

E. Dim-7 SMEFT operator: Oð7Þ
d̄uLLD

As obtained in Ref. [28], there is no tree-level UV

completion of the dim-7 SMEFT operator Oð7Þ
d̄uLLD

. A
possible one-loop realization is described by the following
Lagrangian:

L ⊃ λLuðL̄γμucRÞϵṼ†
2μ þ λΨd0 ðΨ̄Rγ

μd0RÞṼ2μ

þ fd0dðd̄0LdRÞSþ fLΨðL̄ΨRÞSþ H:c:; ð28Þ

where we have introduced a vector LQ Ṽ2 ∈ ð3̄; 2;−1=6Þ,
vectorlike fermions ΨL;R ∈ ð1; 2;−1=2Þ and d0L;R ∈
ð3; 1;−1=3Þ, and a real singlet scalar S∈ ð1; 1; 0Þ. The

UV completion of the dim-7 SMEFT operator Oð7Þ
d̄uLLD

is
shown in Fig. 5. The covariant derivative is also tracked from
the kinetic term of Ψ similar to the dim-9 SMEFT operator

Oð9Þ
3 ; see more details in Appendix B.
Using the naive dimensional analysis [40–42], we can

estimate the Wilson coefficient as

Cð7Þ
d̄uLLD

∼
1

ð4πÞ2 λLuλΨd0fd0dfLΨ: ð29Þ

Similarly, λLuλΨd0fd0dfLΨ ≠ 0 implies lepton number
violation.
We have some general discussions on the UV models

introduced. Different from the previous studies, which
either match the known UV theories (such as the
LRSM) with the effective operators or construct the UV
models based on the topologies of the LEFT operators, our
approach in two steps enables new UV completions, which
have not been investigated before. Besides, in all of these
UV models, the neutrino masses firstly arise at n-loop level
with n ¼ 2, 3, 4, which are negligible as we show in
Appendix C. As we have discussed, the contributions of
dim-7 and dim-9 SMEFT operators to 0νββ decay are
comparable; thus, in order to diagnose the mechanism of
0νββ decay, we need other complementary probes and to
search for the UV resonances in the UV models.
Thus, in the following sections, we will investigate the

sensitivities to the mass and couplings of the UV reso-
nances in 0νββ decay and at the LHC. For simplicity, we
will assume that all couplings are real and positive.

IV. 0νββ DECAY

In the EFT framework, the inverse half-life of 0νββ
decay can be expressed as [8]

ðT0ν
1=2Þ−1 ¼ g4A½G01ðjALj2 þ jARj2Þ

−2ðG01 − G04ÞReA�
LAR�; ð30Þ

and the amplitude is

AX ¼ 1

2mev
Cð9Þ
ππX

X
i¼GT;T

�
1

2
MAP

i;sd þMPP
i;sd

�
; ð31Þ

Cð9Þ
ππX ¼ −gππ4 Cð9Þ

4X − gππ5 Cð9Þ
5X ; ð32Þ

where X ¼ L, R, gA ¼ 1.27, and the Wilson coefficients

Cð9Þ
4X and Cð9Þ

5X are evaluated at μ ¼ 2 GeV. The low-energy
constants gππ4 ¼−1.9GeV2 and gππ5 ¼−8.0GeV2 [43]. For
136Xe, the phase-space factor G01 ¼ 1.5 × 10−15 yr−1, and
the nuclear matrix elements using the quasiparticle random-
phase approximation are [8,44]

MAP
GT;sd ¼ −2.8; MPP

GT;sd ¼ 1.06;

MAP
T;sd ¼ −0.92; MPP

T;sd ¼ 0.36: ð33Þ

It should be noted that the pion-exchange neutrino
potential scales as 1=q2 at large jqj with q being the
momentum transfer [8]. As a result, the amplitude of 0νββ
decay is UV divergent [45]. To absorb this divergence,
the short-range NNNNee contact interaction needs to be
promoted to leading order [45,46], which is of the same

FIG. 4. Feynman diagram for UV completion of Oð9Þ
4 .

FIG. 5. Feynman diagram for the UV completion of Oð7Þ
d̄uLLD

.
The red dot labels the insertion of the covariant derivative.
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order as nonderivative ππee interaction [8]. In this work,
we use the amplitudeAX in Eq. (31) to provide an estimate
of the 0νββ decay rate.
Currently, the most stringent constraint on the 0νββ

decay is given by the KamLAND-Zen experiment, T0ν
1=2 >

2.3 × 1026 yr at 90% confidence level (CL) [47]. The future
tonne-scale experiments are expected to improve the
sensitivity to the half-life by about 2 orders of magnitude
∼1028 yr; see Ref. [48] and references therein.
As an estimate, we consider the sensitivities to the LNV

scale Λ≡mR ¼ mU ¼ mΨ assuming two benchmark val-
ues of the new physics couplings gNP ≡ λed ¼ λuΨ ¼
λDH ¼ fΨ in the UV model for Oð9Þ

1 in KamLAND-Zen
and future tonne-scale 0νββ decay experiments. From
Fig. 6, we find that the ongoing 0νββ decay experiments
are able to reach the LNV scale Λ ∼ 2–3 or 4–5 TeV for
gNP ¼ 0.2 or 0.5, respectively. Given the existing con-
straints on the masses and couplings [32,49,50], we obtain
that the sensitivities to the masses of UV resonances could
be probed directly in the LHC searches.

V. LHC SEARCHES

In this section, we will study the LHC searches for
the UV resonances in the models discussed in Sec. III. The
LQs are mainly produced in pairs, which subsequently
decay into the SM quarks, leptons, or other new particles.
Because of the lepton number violation, we can
achieve the same-sign dilepton (SSDL) signature with a
pair of same-sign electrons and at least two jets in the final
state. For previous studies of lepton number violation
in the final state of muon(s) in other contexts, see
Refs. [51–55].
In Fig. 7 and Table II, we show the processes pp →

e�e�jjW� with j denoting a quark or antiquark at the
parton level in the UV models for the SMEFT operators

Oð9Þ
1 , Oð9Þ

2 , and Oð9Þ
3 .4 Interestingly, the W boson, which

comes from the decay of heavy particles due to the
covariant derivative interaction, is unique in the two-step
UV completions we consider.
The pair production of LQs at the LHC is dominated by

the gluon fusion gg → LQþ LQ. The cross section of
pp → LQþ LQ is expressed as

σLQ ¼ K
Z

dŝ
s

Z
1

τ

dx
x
fg=pðxÞfg=p

�
τ

x

�
σ̂LQ; ð34Þ

where
ffiffiffî
s

p
is the center-of-mass (c.m.) energy of the parton

subprocess,
ffiffiffi
s

p
is the c.m. colliding energy, fg=p denotes

the parton distribution function for the gluon in a proton,
and τ≡ ŝ=s. The leading-order cross sections at parton
level σ̂LQ is [56,57]

σ̂LQ¼
α2sπ

96ŝ

�
βð41−31β2Þþð18β2−β4−17Þln1þβ

1−β

�
: ð35Þ

FIG. 6. Sensitivities to the LNV scale Λ in the 0νββ decay
experiments for the new physics couplings gNP ¼ 0.2 (red) or
0.5 (blue). The solid and dashed black lines correspond to limits
given by KamLAND-Zen and future tonne-scale experiments,
respectively.

FIG. 7. Diagrams for the cascade decays of LQs. The labels
P1;…; P7 denote the possible particles in the chain, and P̄1 is the
antiparticle of P1. All particles are specified in Table II.

TABLE II. The decays of LQs in UV models for the SMEFT

operators Oð9Þ
1 , Oð9Þ

2 , and Oð9Þ
3 in Eq. (8).

Operator P1 P2 P3 P4 P5 P6 P7

Oð9Þ
1

R̃−1=3
2

W−
U2=3

1
eþ d eþ ū

U−2=3
1

W−
R̃þ1=3
2

eþ ū eþ d

Oð9Þ
2

S̄−2=31
W−

Ṽ1=3
2

eþ ū eþ d

Ṽ−1=3
2

W−
S̄2=31

eþ d eþ ū

Oð9Þ
3

R̃−2=3
2

ū Ψ0 eþ W− eþ d

4The SSDL process can also be achieved in the UV model for
O9Þ

4 with a different topology of the decay channels, similar to
that in Ref. [23]. On the other hand, it is difficult to generate the
SSDL process in the model for Oð7Þ

d̄uLLD
.
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Here, β≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

LQ=ŝ
q

. In Eq. (34), the K factor is

included to parametrize the next-to-leading-order QCD
corrections [39,58,59].
The partonic cross section σ̂LQ and hadronic cross section

σLQ are illustrated in Fig. 8. In the left panel, two benchmark
values of the partonic energy

ffiffiffî
s

p
are chosen. In both

scenarios, σ̂LQ drops rapidly with the increase of LQ mass
dubbed mLQ. Besides, for mLQ ≳ 1.8 TeV, the increase offfiffiffî
s

p
from 3 to 5 TeV can significantly enhance the gluon-

fusion subprocess of LQ pair production. In the right panel,
we can see that σLQ ≃ 1.5 × 10−2 fb at

ffiffiffi
s

p ¼ 13 TeV,while
σLQ reaches about 2 fb at

ffiffiffi
s

p ¼ 27 TeV. From Fig. 8, we
find that, in order to search for LQ with its mass around
2TeVor heavier, it would be critical and effective to improve
the colliding energy.
There have been extensive searches for the SSDL

signature at the 13 TeV LHC in the benchmark models
of supersymmetric particles [60,61] or heavy Majorana
neutrinos [25,62–65] with null results, which can be
reinterpreted as searches for the UV resonances of the
0νββ-decay-related operators. Besides, we will consider
SSDL searches at the high-luminosity LHC (HL-LHC)
with

ffiffiffi
s

p ¼ 14 TeV and the proposed high-energy upgrade
(HE-LHC) with

ffiffiffi
s

p ¼ 27 TeV.
As a case study, we will consider the process pp →

R̃1=3
2 R̃−1=3

2 and the decay chains in the first row in Table II,
where the leptoquark U1 andW boson are on the shell. The
partial decay widths are

ΓðR̃−1=3
2 → U2=3

1 þW−Þ ¼ βðm2
R;m

2
U;m

2
WÞ

64πm3
Rm

2
U

λ2DH ð36Þ

× ½ðm2
R −m2

U −m2
WÞ2 þ 8m2

Um
2
W �; ð37Þ

where βðx; y; zÞ≡ ½ðx − y − zÞ2 − 4yz�1=2 and

ΓðR̃−1=3
2 → uþ e−Þ ¼ λ2uΨ sin2 θ

16π
mR: ð38Þ

The mixing angle θ is defined as

sin θ ¼ fΨevffiffiffi
2

p
mΨ

; ð39Þ

which is convenient for the phenomenological study; see

Appendix A for more discussions. In the model for Oð9Þ
1 ,

U2=3
1 can decay only into eþ and d. Thus, the cross section

of the signal pp → e�e�jjW∓ at the parton level is
expressed as

σs ¼ 2σLQ × B1 × B2; ð40Þ

where j denotes a quark or antiquark, B1 and B2 are the
branching rations of R̃−1=3→U2=3

1 þW− and R̃1=3→ ūþeþ,
respectively, and the W boson can decay hadronically or
leptonically.
As an estimate, taking mR ¼ 2 TeV and mU ¼ 1.8 TeV,

we obtain

B2

B1

≃
�
sin θ
0.05

λuΨ
λDH

�
2

: ð41Þ

If sin θ ¼ 0.05, the coupling and mass of R̃2 is
fΨe=mΨ ≃ 1=ð3.5 TeVÞ.
The main SM backgrounds of SSDL searches include

prompt backgrounds WW, WZ, and ZZ, jet fake back-
grounds from j → e, and charge flip backgrounds from the
misidentification of electron charge. We find that the
selection criteria in the search for heavy Majorana neutrino
at the LHC run 2 with the integrated luminosity of 139 fb−1

in the resolved channel [25] are suitable for our signal. The
signal events are generated using MadGraph5_aMC@NLO [66],
which are passed to PYTHIA8 [67] and DELPHES3 [68]
for parton shower and detector simulation, respectively.
A pair of same-sign electrons and at least two jets are
selected if [25]

pe1ð2Þ
T > 40ð25Þ GeV; jηej < 2.47;

pj
T > 100 GeV; jηjj < 2.5; ð42Þ

where pe1
T , pe2

T , and pj
T are the transverse momenta of the

leading and subleading electrons and jets, respectively, and
ηe and ηj are their pseudorapidities.
The mee and HT distributions of the signal after the cuts

in Eq. (42) are displayed in Fig. 9, where mR ¼ 2 TeV and
mU ¼ 1.8 TeV are assumed. We can see that the signal has
large mee and HT , which is reasonable due to heavy
resonances R̃2 and U1.
In the ATLAS analysis [25], the cut invariant mass of

electron pair mee > 400 GeV and the scalar sum of the
transverse momenta of electrons and two most energetic
jets HT > 400 GeV are further imposed to reduce the SM

FIG. 8. Left: σ̂LQ in arbitrary unit (arb. units) with
ffiffiffî
s

p ¼ 3,
5 TeV for different masses of LQ. Right: σLQ with

ffiffiffi
s

p ¼ 13, 14,
and 27 TeV for different masses of LQ.
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backgrounds. About 40 background events are left, which
can be counted in the HT distribution in Fig. 5(b) in
Ref. [25], which also indicates less than one SM back-
ground event for HT > 1.6 TeV.
In order to reject most of the SM backgrounds, we

require a harder cut HT > 3 TeV for the searches at the
13 TeV LHC run 2, 14 TeV HL-LHC, and 27 TeV HE-
LHC. The corresponding signal selection efficiencies after
passing the selection cuts and this optimized cut are
ϵs ¼ 0.29, 0.30, and 0.32, respectively. We emphasize that
a more delicate analysis with a stronger cut onmee can also
be used to effectively remove the small SM backgrounds
with less impact on the signals.
The number of signal events after passing all cuts is

ns ¼ σsϵsL; ð43Þ

where σs is the signal cross section obtained in Eq. (40) and
L denotes the integrated luminosity. We obtain that ns is
smaller than 1 at the LHC run 2, implying that current
SSDL searches at still weak to constrain the LNV param-
eters for the UV model we discuss.
The 95% CL exclusion limit in the case of no SM

background is evaluated by requiring that the number of
signal events ns ¼ 3 [69,70]. In the next section, we will
consider the exclusion limits that could be obtained at the
HL-LHC and HE-LHC.

VI. RESULTS AND DISCUSSIONS

In this section, we study the complementary searches for
the UV resonances in the models in 0νββ decay and LHC.

For illustration, the sensitivities on the model for Oð9Þ
1 will

be compared. From Eqs. (17) and (39), the square root of
the inverse half-life

ðT0ν
1=2Þ−1=2 ∝

λedλDHλuΨ sin θ
m2

Um
2
R

: ð44Þ

The signal cross section depends on the masses via the
LQ pair production and the decay branching ratios. Taking

mR ¼ 2 TeV and mU ¼ 1.8 TeV, we have that the square
root of the signal cross section

σ1=2s ∝
λDHλuΨ sin θ

ðsin θλuΨÞ2 þ ð0.05λDHÞ2
: ð45Þ

From Eqs. (44) and (45), we can see that the signal
process at the LHC is insensitive to the parameter λed, while
both the signal cross section and the 0νββ decay rate are
suppressed by the mixing angle sin θ. The dependence on
λuΨ and λDH implies that 0νββ decay and LHC searches
have different sensitivities to the parameters.
In Fig. 10, we show the combined sensitivities to the

couplings λuΨ and λDH in the KamLAND-Zen and future
tonne-scale 0νββ decay experiments as well as at the
HL-LHC and HE-LHC. The red regions are excluded by
the 0νββ decay search in the KamLAND-Zen experiment at
90% CL, while the blue regions are expected to be excluded
by the SSDL searches at the HL-LHC with the integrated
luminosity of L ¼ 3 ab−1 at 95% CL. The slash shading
regions in red and blue denotes those that can be further
excluded in future tonne-scale 0νββ decay experiments and
HE-LHC with L ¼ 3 ab−1, respectively.
We fix the masses of LQs as mR ¼ 2 TeV and mU ¼

1.8 TeV and assume that mΨ > mR. Four benchmark sce-
narios that satisfy the existing constraints [32,50] are consid-
ered: (a) sin θ ¼ 0.05, λed ¼ 0.2; (b) sin θ ¼ 0.01, λed ¼ 0.2;
(c) sin θ ¼ 0.05, λed ¼ 0.1; and (d) sin θ ¼ 0.01, λed ¼ 0.1.
In all of the scenarios, searches for the UV resonances—

the LQs R̃2 and U1—in the 0νββ decay and at the LHC are

FIG. 9. Kinematic distributions of the signals at the LHC run 2,
HL-LHC, and HE-LHC with

ffiffiffi
s

p ¼ 13, 14, and 27 TeV, respec-
tively, after passing the selection cuts in Eq. (42).

FIG. 10. The sensitivities in the plane of λuΨ and λDH of
KamLAND-Zen (red) and tonne-scale (red slash shading) 0νββ
decay and SSDL searches at the HL-LHC (blue) and HE-LHC
(blue slash shading). See the text for more details.
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complementary to each other. Besides, we can see that the
sensitivities of the high-energy upgrade of the LHC, i.e.,
HE-LHC, are much improved compared to the HL-LHC,
because the cross section of LQ production increases
significantly at the HE-LHC.
From Figs. 10(a) and 10(c), most of the parameter space

is in the reach of HE-LHC and tonne-scale 0νββ decay
experiments if sin θ ¼ 0.05 or, equivalently, fΨe=mΨ ≃
1=ð3.5 TeVÞ. For a larger mΨ or smaller fΨe, both the
sensitivities of LHC and 0νββ decay experiments are
reduced. In this case, the HE-LHC and tonne-scale 0νββ
experiments are crucial to probe the couplings of the LQs,
as seen in Figs. 10(b) and 10(d). In the comparison of
Figs. 10(a) and 10(c) as well as 10(b) and 10(d), the
reaches of 0νββ decay searches are sensitive to the
coupling λed; thus, it can be constrained alongside with
λuΨ and λDH.
Finally, we comment that if the LQs have larger masses,

the sensitivities of 0νββ decay searches are less impacted
compared to the LHC searches, because the cross section of
LQ pair production drops rapidly with the increase of the
LQ mass, as clearly shown in Fig. 8. The interplay for other

choices of mR and mU or in the UV models for Oð9Þ
2 and

Oð9Þ
3 can be studied analogously.

VII. CONCLUSION

In this work, we have investigated the two-step UV
completions of the effective operators that give rise to
chirally enhanced contributions to 0νββ decay. There are
one dim-7 and four dim-9 SMEFT operators that can be

matched to the ΔL ¼ 2 quark-leptonOð9Þ
4X with X ¼ L or R.

We have introduced possible UV completions for each of
the relevant SMEFToperators with the LQs and studied the
searches for the UV resonances at the LHC.
In order to illustrate the complementarities of 0νββ decay

and LHC searches, we study in detail the UV model for

Oð9Þ
1 . Assuming the new physics couplings gNP ¼ 0.2 or 0.5

(weakly coupled), the 0νββ decay experiments are sensitive
to the LNV scale Λ ∼ 2–3 or 4–5 TeV, respectively. On the
other hand, since the LQ production cross section is
reduced significantly with the increase of the LQ mass,
LHC run 2 is unable to constrain the related LNV
parameters. We thus consider the same-sign dilepton
searches for the process pp → e�e�jjW∓ at the high-
luminosity LHC and high-energy LHC with the integrated
luminosities of 3 ab−1.
We obtain that the direct searches at the HL-LHC and

HE-LHC and indirect searches in the KamLAND-Zen and
future tonne-scale 0νββ decay experiments are comple-
mentary to each other in testing the UV completions of the
relevant SMEFT operators. Thus, possible 0νββ decay
signals from chirally enhanced mechanisms can be diag-
nosed with the LHC searches.
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APPENDIX A: MIXING OF LEPTON FIELDS

In this appendix, the mixing of the SM lepton and
vectorlike fermion fields will be discussed. For illustration,
we consider the UV model for Oð9Þ

1 . The mass terms of
vectorlike fermions and the mixing with the SM lepton
fields via the Yukawa interactions are given by

L ⊃ yeL̄HeR þ fΨeΨ̄LHeR þmΨΨ̄LΨR þ H:c:; ðA1Þ

where a mass term Ψ̄RL can be rotated away [21,71].
After the Higgs field develops a vacuum expectation

value, we can obtain the mass terms of the charged leptons
as follows:

Lme
¼ ð ēL; ĒL ÞMe

�
eR
ER

�
; ðA2Þ

where the mass matrix is given by

Me ¼
1ffiffiffi
2

p
�

yev 0

fΨev
ffiffiffi
2

p
mΨ

�
: ðA3Þ

The mass matrix Me can be diagonalized to yield mass
eigenstates of charged fermions labeled by e0R and E0

R,
which are expressed as

e0R ¼ cos θeR − sin θER;

E0
R ¼ sin θeR þ cos θER; ðA4Þ

respectively, where we define sin θ ¼ fΨev=ð
ffiffiffi
2

p
mΨÞ.

The interactions between the vectorlike fermions and the
Higgs boson could modify the Higgs couplings [71,72],
while the constraints depend on other possible heavy
particles in the UV theories, the detailed study of which
is beyond the scope of this work.

APPENDIX B: SMEFT OPERATORS
INVOLVING DμL

As mentioned in Sec. III, the covariant derivatives of the
SM fields are tracked from the kinematic terms of Ψ. In the
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following, we will explain how to obtain the SMEFT
operators in Eq. (21).
From the interactions in Eq. (20), we can solve the

classical equation of motions (EOMs) for the heavy fields.
Since there are several fields, one can first integrate one and
then the others. By using the EOMs, we have

ΨR ¼−
1

m2
Ψ
iDðλuΨucRR̃2þfLΨLS�Þ

¼ 1

m2
Ψ
iD

�
−
λuΨλLd
m2

R
ucRðϵL̄dRÞþ

fLΨμ
m2

S
LðH†HÞ

�
: ðB1Þ

After combining the two terms on the right-hand side, we
can obtain the effective interactions in Eq. (21).
In the diagrammatic approach, the SMEFToperatorOð9Þ

1

can be generated by integrating out the heavy fields in
Fig. 11, which is more specific than Fig. 2. The components
of the vectorlike fermions Ψ with mass insertion are
explicitly shown, and the W boson is attached. Similarly,

the UV completion of the dim-7 SMEFT operator Oð7Þ
d̄uLLD

is specified in Fig. 12.

APPENDIX C: NEUTRINO MASSES

As mentioned above, the UV models for the relevant
SMEFT operators give negligible contributions to the

neutrino masses. To see it, we draw the corresponding
Feynman diagrams of the light neutrino Majorana masses
and estimate their contributions.
The leading contribution to Majorana masses in the UV

model for Oð9Þ
3 is generated at the two-loop level, while

those for Oð9Þ
1;2;4 and Oð7Þ

d̄uLLD
are generated at the three-

loop level.
In Fig. 13, we show Feynman diagram of the light

neutrino mass in the UVmodel forOð9Þ
3 . The contribution is

estimated as

mν ∼
mumdv2μ
ð16π2Þ2

λLdλuΨfLΨ
m2

Sm
2
Rm

2
Ψ
Λ2
UV

≈ 2.8 × 10−17μ

�
ΛUV

1 TeV

�
2
�
1 TeV
Λ

�
6

: ðC1Þ

Here, ΛUV is the UV cutoff ΛUV ∼ Λ, and we have set
λLdλuΨfLΨ ≡ 1 and Λ6 ¼ m2

Sm
2
Rm

2
Ψ in the second line. We

can see that mν is negligible even for μ ∼ 1 TeV.
In Fig. 14, we show Feynman diagram of the light

neutrino mass in the UV model forOð9Þ
1 , and those forOð9Þ

2 ,

Oð9Þ
4 , and Oð7Þ

d̄uLLD
can be obtained analogously. In all of

these cases, Majorana masses of light neutrinos generated
at the three-loop level can be neglected.

FIG. 11. Feynman diagram for the UV completion of Oð9Þ
3 with

the vectorlike fermions and W boson being specified.

FIG. 12. Feynman diagram for the UV completion of Oð7Þ
d̄uLLD

with the vectorlike fermions, colored fermion, andW boson being
specified.

FIG. 13. Feynman diagram of the light neutrino Majorana
masses in the UV model for Oð9Þ

3 .

FIG. 14. Feynman diagram of the light neutrino Majorana
masses in the UV model for Oð9Þ

1 .
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