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We examine electron and muon anomalous magnetic dipole moments within a radiative neutrino mass
model featuring TeV-scale scalar leptoquarks Sð3; 1;−1=3Þ and Rð3; 2; 1=6Þ. We utilize textures with
decoupling electron and muon sectors, so that both electron and muon anomalous magnetic dipole
moments could receive internal chiral enhancements from different heavy up-type quarks while in the same
time evading the stringent μ → eγ constraint. A successful fit to neutrino oscillation data requires
the simultaneous presence of one- and two-loop neutrino mass contributions. This severely constrains the
parameter space of the model, which results in a negligible new physics correction to the muon g − 2. The
electron g − 2 discrepancy implied by the rubidium experiment, on the other hand, can be resolved within
2σ uncertainty provided that neutrino mass ordering is inverted. Lepton-flavor-violating tau decay rates,
such as τ → eγ and τ → 3e, are predicted to be within the sensitivities of next-generation experiments.
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I. INTRODUCTION

The massive nature of neutrinos remains the only direct
experimental evidence for physics beyond the Standard
Model (SM). However, the dynamical origin of neutrino
masses is still unknown and has been extensively studied
even before the discovery of neutrino oscillations. While
the canonical seesaw mechanism [1] provides a compelling
explanation, it postulates new physics at a very high energy
scale (i.e., of the order 1014 GeV), far beyond any foresee-
able experimental reach. An alternative and more testable
approach is found in radiative neutrino mass models, in
which neutrino masses are induced by higher-order quan-
tum loop corrections at a lower energy scale [2–4]. These
models often predict observable rates for lepton-flavor-
violating decays that can be probed by next-generation
experiments, providing an independent cross check. See
Refs. [5,6] for reviews on this subject.
Besides neutrino masses, other observational data can

be employed to test the SM. These include precision

measurements of leptonic anomalous magnetic dipole
moments (from now on called lepton g − 2), denoted as
al ≡ 1

2
ðg − 2Þl. For muon g − 2, FNAL E989 has reported

an unprecedented accuracy at the level of 127 ppb [7,8],
confirming the earlier BNL E821 result [9]. Interpretation
of this result requires a firm SM prediction. The determi-
nation of the SM value, however, is now ambiguous due to
the tension between data-driven and lattice QCD determi-
nations of the hadronic vacuum polarization contribution.
While the latter has been solidified by various groups over
the last few years [10], the former faces challenges because
of the disagreement between recent eþe− → πþπ− data from
the CMD-3 Collaboration [11] and the earlier data. In the
2025 update, the Theory Initiative (TI) Group adopts the
lattice result to determine the SM prediction. This results in
δaμ ≡ aexpμ − aSMμ ¼ 38ð63Þ × 10−11 [12], which indicates
no statistically significant evidence for new physics.
Similar situation is found in the electron g − 2. While the

experimental value of this quantity has been significantly
improved [13] from the previous data [14], this has been
overshadowed by the determination of the SM value,
hindering a clear interpretation. This is due to the 5σ
difference in the measurements of the QED fine-structure
constant αem, carried out in cesium (Cs) and rubidium (Rb)
atoms [15,16]. These measurements lead to conflicting
deviations: δae ¼ ð−10� 2.6Þ × 10−13 in Cs and δae ¼
ð3.5� 1.6Þ × 10−13 in Rb, corresponding to −3.8σ and
þ2.2σ discrepancies, respectively. Although there may be
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still a room for a new physics, the inconsistency requires
further investigation, and at present, we can only treat them
as two independent results. In this context, it would be
interesting to find models that provide a unified explanation
for neutrino masses and the observed values of lepton
g − 2, particularly those that can have preference over any
discrepancy in the electron g − 2.
Motivated by that, we select a model featuring two scalar

leptoquarks Sð3; 1;−1=3Þ and Rð3; 2; 1=6Þ. The leptoquark
S is known to induce large corrections to lepton g − 2 via
internal chiral enhancement, as it can couple to both left-
handed and right-handed of the up-type quarks and charged
leptons [17]. Moreover, the leading contributions to neu-
trino masses arise at both one- and two-loop levels.
Previous studies on this model, however, focused mostly
only on one-loop contributions [18–24]. The two-loop
analysis was given in Ref. [25], but it did not include
one-loop contributions. To the best of our knowledge, no
previous study has simultaneously incorporated both one-
and two-loop contributions to neutrino mass within this
specific model while also addressing the current lepton
g − 2 situation.1

The objective of this paper is twofold. First, we dem-
onstrate how one- and two-loop terms of neutrino masses
are equally important to fit neutrino oscillation data.
Second, based on the fit, we determine the corrections to
lepton g − 2. To achieve this goal, we employ particular
textures—as discussed in Refs. [45,46]—where the elec-
tron and muon sectors are effectively decoupled. This
configuration ensures that the respective anomalous mag-
netic moments are induced by chiral enhancements from
different up-type quarks, while simultaneously avoiding the
potentially dangerous chirally enhanced μ → eγ decay.
Applying these textures to the neutrino mass formula
given in this model, we find that the lightest neutrino is
massless although both normal and inverted neutrino mass
orderings can be admitted. Owing to the simultaneous
presence of one- and two-loop neutrino mass terms,
neutrino data strongly constrain the parameter space of
the model, leading to a small new physics correction to the
muon g − 2. Furthermore, only the electron g − 2 discrep-
ancy implied by the Rb measurement can be resolved
within 2σ uncertainty, which only occurs in the inverted
mass ordering. Finally, rates for LFV tau decays, such as
τ → 3e and τ → eγ, are found to be near the current limits,
and are thus accessible to future experiments.
The rest of the paper is organized as follows. In Sec. II,

we briefly discuss the model. The expression for neutrino
mass formula and the choice of Yukawa textures as well as
their implications on neutrino mass generation are dis-
cussed in Sec. III. Relevant constraints are presented in
Sec. IV, before we give our conclusions in Sec. V.

II. BRIEF REVIEW OF THE MODEL

The model we consider consists of two leptoquarks
Sð3; 1;−1=3Þ and Rð3; 2; 1=6Þ≡ ðR2=3; R−1=3ÞT . Together
with the SM particles, they form new Yukawa interactions
as follows:

Lnew
Y ¼ λLijQ

T
i CϵLjS† þ λRiju

T
RiCeRjS

†

þ λijd̄RiRTϵLi þ H:c: ð1Þ

Here, i; j ¼ 1–3 are generation indices, C is the charge
conjugation operator, and ϵ is the SUð2Þ antisymmetric
tensor. All terms in Eq. (1) are capable of inducing
corrections to the lepton g − 2. Interactions mediated
by the S leptoquark are of particular interest because they
can induce a large correction via internal chirality flip
(S couples to both left-handed and right-handed up-type
quarks), especially when we have the top quark inside
the loop.
It should be noted that, besides being gauge invariant, all

terms in Eq. (1) also respect baryon number (B) and lepton
number (L) symmetries. Thus, diquark terms, QQS and
uRdRS, are not allowed since both break the B symmetry.
Although it may sound ad hoc, such a symmetry is needed
to avoid the proton decay. As for the lepton number, it can
only be broken by a trilinear coupling appearing in the
scalar potential. That is,

V ¼ μ2RR
†Rþ μ2SS

†Sþ λ0ðH†HÞ2 þ λ00ðR†RÞ2
þ λ000ðS†SÞ2 þ λ̃HRðH†RÞðR†HÞ þ λHRðH†HÞðR†RÞ
þ λHSðH†HÞðS†SÞ þ λRSðR†RÞðS†SÞ
þ ðμR†HSþ H:c:Þ: ð2Þ

Note that the parameter μ is taken to be real since its
complex phase can always be rotated away. With all
Yukawa coupling matrices of Eq. (1) and the dimensionful
coupling μ of Eq. (2) present, the lepton number is no
longer the symmetry of the model. An alternative way of
seeing this is by integrating out the heavy leptoquark states.
This will result in two ΔL ¼ 2 operators [47], i.e.,
(i) ðd̄RLϵHÞðLϵQÞ and (ii) ðd̄RLϵHÞðuReRÞ, indicating
that, at leading order, neutrino masses will be generated
in two different ways. The operator (i), for instance, will
generate neutrino masses at the one-loop level after one
connects the dR and dL legs. Similarly, the operator (ii),
with the help of the SM charged current, will induce
neutrino masses at the two-loop level. Note that the two-
loop contribution is not the higher-order correction to the
one-loop one since they come from different sets of
couplings.
A nonzero μ of Eq. (2) will induce mixing between S1=3

and R1=3 leptoquarks,
1For other neutrino mass models attempting to address these

anomalies, see [26–44].
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L ⊃
�
S−1=3; R−1=3

� m2
S μvEW=

ffiffiffi
2

p

μvEW=
ffiffiffi
2

p
m2

R

!�
S1=3

R1=3

�
;

ð3Þ

where vEW ¼ 246 GeV is the electroweak vacuum expect-
ation value, while m2

S and m2
R include leptoquark bare

masses as well as any possible contributions arising from
quartic interactions,

m2
S ¼ μ2S þ

1

2
λHSv2EW;

m2
R ¼ μ2R þ 1

2
ðλHR þ λ̃HRÞv2EW: ð4Þ

The mass matrix in Eq. (3) can be diagonalized by rotating
S1=3 and R2=3 to the mass eigenstates,

 
X1=3
1

X1=3
2

!
¼
�

cθ sθ
−sθ cθ

��
S1=3

R1=3

�
; ð5Þ

where cθ, sθ denote cos θ; sin θ, with tan 2θ ¼ffiffiffi
2

p
μvEW=ðm2

S −m2
RÞ. The process yields mass eigenvalues

for X1=3
1;2 , that is,

M2
1;2 ¼

1

2

h
m2

S þm2
R �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

S −m2
RÞ2 þ 2μ2v2EW

q i
: ð6Þ

In general, the mass splitting of LQs will affect the oblique
parameters, S, T, and U. We will be mostly concerned with
the T parameter, as it is the largest among the three. The
correction to this parameter is given by

ΔT ¼ 1

8πm2
Ws

2
W

�
s2θFðM2

1;M
2
3Þ þ c2θFðM2

2;M
2
3Þ

−
1

4
s2θFðM2

1;M
2
2Þ
�
; ð7Þ

where M2
3 ≡m2

R − 1
2
λ̃HRv2EW, mW , and sW ≡ sin θW denote

the mass square of R2=3 LQ, the mass of W boson, and
weak mixing angle, respectively. The function Fðx; yÞ is
found as

Fðx; yÞ ¼ 1

2
ðxþ yÞ − xy

x − y
ln

�
x
y

�
: ð8Þ

Technically, the three LQ masses cannot be degenerate,
or else neutrino mass will be zero (see next section).
However, the splitting cannot be arbitrarily large. From
electroweak precision data, one gets ΔT < 0.2 at 95% CL
[48]. To illustrate, the upper limit can be obtained for
M1 ¼ 1500 GeV with ΔM ≡M2 −M1 ¼ 50 GeV and
M3 ¼ 1585 GeV.

All Yukawa couplings in Eq. (1) are defined in the basis
where the charged lepton mass matrix is diagonal. By the
same token, due to the absence of a right-handed charged
current in the model, we can, without loss of generality,
adopt the same basis for the right-handed quarks. That is,
we take a basis where quark mass matrices, appearing in the
Lagrangian as L ⊃ q̄LMqqR (q ¼ u, d), are such that Mq

are diagonalized by VqMq, with Vq being unitary matrices
rotating the left-handed quark fields: qL → VqqL. The

product of the two unitary matrices, V ≡ VuV
†
d, is the

one that we identify as the Cabibbo-Kobayashi-Maskawa
(CKM) mixing matrix.
Rotating all fields into their mass eigenstates, Eq. (1)

becomes

Lnew
Y ¼ �λuijuTLiClLj − λdijd

T
LiCνLj þ λRiju

T
RiClRj

�
×
�
cθX

1=3
1 − sθX

1=3
2

�þ λijd̄RilLjR2=3

− λijd̄RiνLj
�
sθX

−1=3
1 þ cθX

−1=3
2

�þ H:c:; ð9Þ

where λL has been rotated to flavor basis by λq ¼ V�
qλ

L. In
the present work, we do not offer a mechanism of deter-
mining Vq. However, we can always make an ansatz, i.e.,
by fixing the flavor structure of one (rotated) Yukawa
coupling matrix (λu or λd), and determine the other
via λu ¼ V�λd.

III. NEUTRINO MASS GENERATION

There are two sets of diagrams that generate neutrino
masses, i.e., the one-loop diagrams and two-loop diagrams;
see Fig. 1. The one-loop diagram involves the exchange
of X1=3

a leptoquarks and down-type quarks dj, and it is
proportional to the product of λLλ couplings, while the two-
loop one involves X1=3

a and W exchanges and is propor-
tional to λRλ. The one-loop contributions receive chiral
suppression from down-type quark masses, whereas the
two-loop contributions receive more chiral suppression
factors from all charged fermion masses. Coupled with
the additional loop suppression, the two-loop diagrams
may only be relevant for relatively narrow range of
leptoquark masses, i.e., not more than 10 TeV. Given that
the two sets of diagrams are governed by different sets of
couplings, the two-loop diagram cannot be regarded as the
higher order corrections to the one-loop one and ought not
to be simply omitted. In fact, there are some flavor textures
in which the one- and two-loop diagrams induce compa-
rable strengths.
In evaluating those diagrams, we work in the general

’t Hooft Rξ gauge. Therefore, each propagator of W and
the Goldstone boson will contain the gauge parameter ξ.
However, after summing the two contributions, all
ξ-dependent terms will add up to zero. The ξ-independent
terms are the same as those obtained in the unitary gauge.
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It should also be noted that due to the Majorana property
of neutrino mass terms, there are actually other diagrams
(not shown in the figure) where one replaces the internal
particles with their charged conjugates. Those diagrams
are just the transpose of diagrams shown in the Fig. 1.
Together, they give a flavor-symmetric neutrino mass
matrix.
The neutrino mass matrix is, therefore, given by

ðMνÞji ¼
3s2θ
16π2

mb

	
ðλdTÞjkðDdÞkλki þ ðλTÞjkðDdÞkλdki
�
Ið1Þk

þ g2mtmτ

16π2M2
1

h
ðDlÞjðλRTÞjlðDuÞlVlkðDdÞkλkiIð2Þjkl

þ ðλTÞjkðDdÞkðVTÞklðDuÞlλRliðDlÞiIð2Þikl

i�
: ð10Þ

The factor of 3 is the color factor, g is the weak coupling,
while Dd, Du, and Dl are the down-type quark, up-type
quark, and charged lepton mass matrices normalized to the

third generation masses. The functions, Ið1Þk and Ið2Þjkl , are
one- and two-loop integral functions, found as

Ið1Þk ðM2
1;M

2
2Þ

¼ 1

2
ln
M2

1

M2
2

þ 1

2
m2

dk

�
lnðM2

1=m
2
dk
Þ

M2
1 −m2

dk

−
lnðM2

2=m
2
dk
Þ

M2
2 −m2

dk

�
; ð11Þ

Ið2ÞjklðM2
1;M

2
2;m

2
WÞ ¼

X
a¼1;2

ð−1Þaþ1
M2

1

M2
a −m2

dk

Z
1

0

dx

×
Z

∞

0

dt t

�
1þ t

4m2
W

�
1

tþm2
lj

1

tþm2
W

× ln

�
xð1− xÞtþ xm2

ul þ ð1− xÞM2
a

xð1− xÞtþ xm2
ul þ ð1− xÞm2

dk

�
:

ð12Þ

Thanks to mdk ≪ M1;2, the last term of Eq. (11) is
negligible, so the integral is practically flavor independent.

From now on, we will drop the subscript k and simply write
the one-loop integral as Ið1Þ. The two-loop integral, despite
its complicated look, is finite, so it can always be evaluated
numerically. We will give approximated expression for the
two-loop integral in two cases: (a) without top quark and
(b) with top quark.
In case (a), due tom2

lj;dk;ul
≪ m2

W ≪ M2
a, one can simply

set all the fermion masses to zero to obtain

Ið2Þ ≡ Ið2Þjkl

�
M2

1;M
2
2; m

2
W

�

≃
3

4

�
1 −

M2
1

M2
2

��
1þ π2

3
þ f
�
M2

1;M
2
2; m

2
W

��
; ð13Þ

with function fða; b; xÞ being defined as

fða; b; xÞ≡ 1

b − a

	
b lnða=xÞ − a lnðb=xÞ

þ 1

2



b ln2ða=xÞ − a ln2ðb=xÞ�

�
: ð14Þ

The approximated form works very well, as shown in
Fig. 2(a). Note that, although the W mass is much smaller
than LQ masses, it cannot be dropped, or else the integral
will be divergent.
In case (b), both top-quark and W masses must be kept.

Taking the limit MLQ → ∞, the approximated two-loop
integral, at the leading order, is found as

Ið2Þ3 ≡Ið2Þjk3ðM2
1;M

2
2;m

2
WÞ

≃
3

4

�
1−

M2
1

M2
2

�	
1þf

�
M2

1;M
2
2;m

2
W

�

þ
�
m2

t −m2
W

m2
W

��
1

2
ln2
�
m2

t −m2
W

m2
W

�
þLi2

�
m2

W

m2
W−m2

t

��

−
1

3

�
m2

t

m2
W

��
1þπ2

3
þ3

2
ln2
�
m2

t

m2
W

�
þfðM2

1;M
2
2;m

2
t Þ
��

;

ð15Þ

FIG. 1. One- and two-loop diagrams leading to neutrino mass generation.
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where Li2ðxÞ is the dilogarithm function. For a consistency
check, one can inspect that Eq. (15) will reduce to Eq. (13)
when mt → 0. Although the agreement between the
numerical value and the approximated form is poor for
light LQs, as shown in Fig. 2(b), it gradually improves as
the LQ masses increase; for instance, whenMLQ ≳ 5 TeV,
the difference is already less than 10%. In the plot, we
use the running top mass evaluated at 1 TeV, i.e.,
mt ¼ 150 GeV [49].

A. Texture choices

Following the evaluation of loop integrals, we now
address the neutrino mass matrix presented in Eq. (10).
Recall that our motivation is to find a correlation between
current observations of the lepton g − 2 and neutrino
oscillation data. To allow a more direct comparison, we
consider a scenario with a minimal set of parameters
sufficient to induce these phenomena. We require that
the corrections to lepton g − 2 receive chirality enhance-
ments without being precluded by stringent LFV processes,
particularly the μ → eγ bound. With these considerations,
we fix the flavor structure of λu, whereas λd is determined
via λd ¼ VTλu. This approach is advantageous because it
allows us to explicitly prohibit the dangerous μ → eγ
process. Our strategy follows similar logic to the methods
used in Refs. [21,42,50] to mitigate unwanted flavor
processes in other neutrino mass models.
We adopt two textures proposed in Ref. [45] (see also

Ref. [46]), where the electron and muon are coupled to
different massive up-type quarks,

TX1∶ λu ¼

0
B@

0 0 0

λu21 0 0

0 λu32 0

1
CA; λR ¼

0
B@

� � �
λR21 0 �
0 λR32 λR33

1
CA;

ð16Þ

TX2∶ λu ¼

0
B@

0 0 0

0 λu22 0

λu31 0 0

1
CA; λR ¼

0
B@

� � �
0 λR22 �
λR31 0 λR33

1
CA:

ð17Þ

In both cases, we assume that the coupling matrix λ takes
the following form:

λ ¼

0
B@

0 0 0

0 0 0

λ31 λ32 λ33

1
CA: ð18Þ

This particular flavor structure ensures that λ will not suffer
from flavor constraints involving down-type quarks, as
these are solely induced by λdij and are generally weak; see
Sec. IV F. Interestingly, magnetic dipole terms induced by
these particular λ couplings are generally suppressed due to
the Glashow-Iliopoulos-Maiani (GIM)-like cancellation;
see Sec. IV B for a more detailed discussion.
Several remarks are in order. First, the flavor-specific

nature of λu and λR implies that the corrections to electron
and muon g − 2 can be separately enhanced. In TX 1, for
instance, the electron g − 2 receives an enhancement from
the charm mass, while the muon g − 2 contribution is
enhanced by the top mass. Crucially, no dangerous chirally
enhanced μ → eγ decay is induced, thanks to the vanishing
of ðλu22; λR22Þ and ðλu31; λR31Þ pairs. This contrasts with mecha-
nisms where both anomalous magnetic moments are induced
by the same up-type quark, as those scenarios face very
stringent constraints from the μ → eγ bound [51,52]. The
only significant constraints come from K → πνν̄ and Z →
lþl− (l ¼ e, μ) decays; however, for TeV-scale LQs, these
are relatively mild; see Refs. [45,53] for a more detailed
analysis. Thus, no constraints beyond neutrino data are

FIG. 2. Comparison between numerical (solid) and approximated (dashed) values of the two-loop integral in the case of light quarks
(left) and top quark (right) inside the loop.
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expected to compromise the outcome of the model. The
same reasoning applies to TX 2.
Second, elements of λR denoted by “�” are not strictly

necessary for the present discussion and can be set to zero
without affecting the neutrino data fit. This is because the
effects of such λRij couplings in two-loop neutrino mass
generation are suppressed by light fermion masses and
CKM matrix elements. Therefore, only terms associated
with the top-quark couplings (i.e., λR3j) are likely to induce
significant contributions to the neutrino mass matrix at the
leading order.
Third, a nonzero λR33 is required to ensure a correct fit to

neutrino oscillation data. Its presence in the (3, 3) element
of the neutrino mass matrix causes the one- and two-loop
contributions to appear with comparable strength, leading
to the suppression of λu elements—a key finding of our
study. While λR33 may induce LFV tau decays, such decay
bounds do not strongly constrain the parameter space of the
model, as shown later. An alternative choice, using λu33 in
place of λR33, still yields a good fit. However, it causes the
one-loop neutrino mass contributions to dominate over the
two-loop ones, thereby relaxing the suppression on λu

elements and resulting in a less predictive result.

B. Neutrino mass matrix

Incorporating the aforementioned textures into the neu-
trino mass formula presented in Eq. (10) yields a rank-2
neutrino mass matrix, explicitly written as

Mν ¼ m0

0
BB@

aw av
2
þ bw

2
a
2
þ w

2

av
2
þ bw

2
bv b

2
þ v

2

a
2
þ w

2
b
2
þ v

2
1

1
CCA; ð19Þ

where ða; b; v; wÞ are dimensionless parameters. In TX 1,
they are defined as

a¼ λ31
λ33

; b¼ λ32
λ33

; v¼ 1

ε

λu32
λR33

þmμ

mτ

λR32
λR33

; w¼ 1

ε

Vcb

Vtb

λu21
λR33

;

ð20Þ

while in TX 2, we have

v ¼ 1

ε

Vcb

Vtb

λu22
λR33

; w ¼ 1

ε

λu31
λR33

þme

mτ

λR31
λR33

; ð21Þ

with a, b definitions unchanged. The parameter m0 ¼
ð3s2θ=8π2ÞmbVtbλ33λ

R
33I

ð1Þε denotes the overall scale of
neutrino mass, whereas the parameter ε quantifies the
relative strength of two and one-loop effects and is
given by

ε ¼ g2mtmτ

16π2M2
1

Ið2Þ3

Ið1Þ
: ð22Þ

For typical m0 ¼ 0.025 eV, it must be such that
jλ33λR33s2θIð1Þεj ¼ 2.63 × 10−10. For M1 ¼ 1500 GeV and
ΔM ¼ 50 GeV, one gets Ið1Þ ≃ −0.033 and the ratio of

the loop integrals is Ið2Þ3 =Ið1Þ ≃ 1.5. This results in
ε ¼ 5.6 × 10−7, leading to jλ33λR33s2θj ¼ 0.014, a value
attainable within perturbative limits. This implies that λR33
and λ33, as well as s2θ, cannot be arbitrarily small to
guarantee a correct amount of neutrino masses. Another
implication is that ε should not rapidly drop as LQ
masses increase, constraining them to below approxi-
mately 10 TeV.
Other λRij couplings [excluding pairs of ðλR31; λR22Þ in TX 1

and ðλR21; λR32Þ in TX 2, which are zero] are not shown
because their effects on neutrino mass matrix are negli-
gible. For instance, λR21, which is one of our couplings of
interest in TX 1, induces a correction to parameter w,

δw ¼ mc

mt

me

mτ

Vcb

Vtb

Ið2Þ

Ið2Þ3

λR21
λR33

: ð23Þ

Using the same LQ mass configuration, such a correction is
approximately δw¼2.4×10−6ðλR21=λR33Þ. Since λR33 ≳ 10−2,
this δw contribution is highly suppressed, particularly when
considering the value of w inferred from neutrino oscil-
lation data, see Fig. 3, leaving the coupling λR21 effectively
unconstrained. The rest are not relevant to our discussion,
so they are simply set to zero. The situation for λR22 in TX 2
can be explained in an analogous way.
Given its rank-2 nature, Mν must possess one zero

eigenvalue, implying one massless neutrino. However,
based on the structure alone, we cannot distinguish the
neutrino mass ordering. Thus, in principle, Mν can admit
both normal mass ordering (NO) and inverted mass order-
ing (IO). To ensure consistency with neutrino oscillation
data, both scenarios require that none of the diagonal
elements of Mν vanish. The element ðMνÞ33 ¼ m0, propor-

tional to the two-loop integral Ið2Þjk3, represents a purely two-
loop contribution and thus cannot be zero. Similarly, a
situation where one-loop contributions to Mν were absent
would lead to ðMνÞ11 ¼ 0. Such a vanishing ðMνÞ11 is
inconsistent with the current measurement of sin2 θ13 if the
lightest neutrino is massless. This highlights a critical
phenomenological requirement: significant contributions
from both one-loop and two-loop diagrams to the elements
of Mν are simultaneously necessary.
Another implication of being a rank-2 matrix is that Mν

of Eq. (19) has only four independent matrix elements,
which are the same as the number of parameters of Mν.
Thus, those elements can be used to express ða; b; v; wÞ in
terms of neutrino oscillation parameters, i.e.,
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ða; wÞ ¼ m13 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

13 −m11

q
;

ðb; vÞ ¼ m23 ∓ m12 −m13m23ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

13 −m11

p ; ð24Þ

where mij ≡ ðMνÞij=ðMνÞ33, with Mν ¼ U�Mdiag
ν U†. The

matrix U is the Pontecorvo-Maki-Nakagawa-Sakata mix-
ing matrix, parametrized by three mixing angles and one
Dirac CP phase,

U ¼

0
B@

1 0 0

0 c23 s23
0 −s23 c23

1
CA
0
B@

c13 0 s13e−iδ

0 1 0

−s13eiδ 0 c13

1
CA

×

0
B@

c12 s12 0

−s12 c12 0

0 0 1

1
CA; ð25Þ

while Mdiag
ν is the diagonal neutrino mass matrix, which

contains one Majorana phase. Depending on the mass
ordering, it is given by

NO∶ Mdiag
ν ¼ diag



0;

ffiffiffiffiffiffiffiffiffiffiffiffi
Δm2

sol

q
eiα;

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Δm2

atm

q �
;

IO∶ Mdiag
ν ¼ diag


 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δm2

atm − Δm2
sol

q
;
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Δm2

atm

q
eiα; 0

�
;

ð26Þ

where Δm2
sol and Δm2

atm correspondingly denote the solar
and atmospheric mass splittings.
All neutrino oscillation parameters are summarized in

Table I. Note that some parameter best-fit values, specifi-
cally δ and θ23, exhibit some dependence on the mass
ordering. For instance, the best-fit value for δ is consistent
with the CP-conserving value of 180° in NO. Conversely,
in IO, the best-fit δ is close to maximal CP-violating value
of 270° and disfavors the CP-conserving value by more
than 3σ.
Furthermore, the exact location for the octant of θ23 is

still unresolved. It is true that the best-fit value for θ23 is
found in the first octant for NO and the second octant

ar
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FIG. 3. Plots of magnitudes and arguments of neutrino mass parameters in NO and IO. Since the solutions for a (b) are complementary
to those of w (v), only the allowed regions of w and v are shown in the upper panel. The relative strengths between ða; wÞ and ðb; vÞ are
shown in the lower panel.

TABLE I. Best-fit values of neutrino oscillation parameters
with their 1σ error, taken from the 2024 NuFIT 6.0 ([54])
analysis [55].

Parameters NO IO

s212 0.308þ0.012
−0.011 0.308þ0.012

−0.011

s223 0.470þ0.017
−0.013 0.550þ0.012

−0.015

s223 (higher minima) 0.575þ0.012
−0.016 0.468þ0.016

−0.014

s213 0.02215þ0.00056
−0.00058 0.02231þ0.00056

−0.00056

Δm2
sol=10

−5 eV2 7.49þ0.19
−0.19 7.49þ0.19

−0.19

Δm2
atm=10−3 eV2 2.513þ0.021

−0.019 2.484þ0.020
−0.020

δ=o 212þ26
−41 274þ22

−25
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for IO. However, current oscillation data cannot conclu-
sively exclude higher-minimum solutions for θ23 in another
octant [55]. Specifically, these occur at θ23 > 45° for NO
and θ23 < 45° for IO.
The choice of θ23 octant is relevant for determining the

parameters in Eqs. (20) and (21), as their values depend on
it. While it is impractical to show their explicit, lengthy
expressions, one can examine their term-by-term behavior
by expanding them in powers of a small parameter, such
as s13. Usually, an expansion up to Oðs213Þ is sufficient to
give a convergent result. For example, the leading terms for
ða; wÞ are found to be proportional to sec θ23 in NO and to
csc θ23 in IO; similar patterns are also observed in higher-
order terms. This finding, confirmed numerically, indicates
that larger values will be obtained when using higher
minima (i.e., θ23 > 45° for NO and θ23 < 45° for IO). This
is the choice that we adopt in our calculation.
We vary each oscillation parameter within its 2σ uncer-

tainty. The exception is the Majorana phase α, which is
allowed to take the entire range of ½0; 2π�. Through
Eq. (24), parameters ða; b; v; wÞ are directly determined,
and the results are presented in Fig. 3. As expected, most
couplings are of Oð1Þ in both mass orderings. Notable
exceptions are parameters a and w, which can reach the
magnitudes of 20 in IO. This value is reached at the 2σ edge
of the CP phase δ. Future improvements that narrow this
uncertainty toward the maximal CP-violating value will
reduce the resulting magnitudes of a, w.
By employing Eqs. (20) and (21), we determine their

impact on the lepton anomalous magnetic moments. For
this purpose, we choose the benchmark LQ masses of
M1 ¼ 1500 GeV and ΔM ¼ 50 GeV, together with the
maximal LQ mixing (θ ¼ π=4). These benchmark values
are consistent with current LQ direct searches at LHC [56].

C. TX 1

We now turn to discussing the implication on texture
TX 1. We start with the correction to muon g − 2, δaμ. This
is primarily governed by λu32 and λR32, which are related to
the parameter v through Eq. (20). Given that ε ¼ 5.6 ×
10−7 and λR33 ≳ 10−2, the coupling λu32 is strongly con-
strained. Considering the value of v, for a typical value of
jλR33j ∼ 1,we find jλu32j ≃Oð10−6Þ. In contrast,λR32 and λR33 are
only mildly constrained by the Z → μþμ− and Z → τþτ−

decays. At 2σ level, each process places jλR32j≲ 2.79 and
jλR33j≲ 1.92, respectively, see Sec. IV C for a more detailed
discussion. However, in reality both couplings are simulta-
neously present, so we need to consider the constraints from
LFV tau decay bounds, such as τ → μγ or τ → 3μ.
With such a small λu32, the supposedly top-enhanced term

only induces marginal effects on δaμ. The leading con-
tribution to this correction comes from the term with
external chirality flip, which is proportional to jλR32j2.

Considering the bound on λR32, this implies that δaμ cannot
exceed 11 × 10−11, which is consistent with the recent
result of the TI based on various lattice calculations.
Similarly, the suppression of such top-enhanced contribu-
tion also weakens LFV tau decay constraints, with the
strongest coming from τ → 3μ decay. For a fixed
λR33 ¼ 1.92, this yields jλR32j≲ 0.58.
The correction to the electron g − 2, δae, depends on λu21

and λR21. Again by virtue of Eq. (20), one can infer
λu21 ¼ wεðVtb=VcbÞλR33. The resulting λu21 differs signifi-
cantly between the two neutrino mass orderings, thanks to
the value of w. We find

NO∶ 1.4 × 10−6 ≲ jλu21=λR33j ≲ 10−5

IO∶ 3.2 × 10−6 ≲ jλu21=λR33j ≲ 2.9 × 10−4; ð27Þ

where the upper bound of the coupling ratio for IO is
about 1 order of magnitude larger than that of NO.
Nevertheless, unlike δaμ, the contributions to δae are still
dominated by the internal chirality enhancement via the
charm-quark mass.
Similar to λR32 and λR33 cases, the coupling λR21 is also

loosely constrained. The Z → eþe− decay does not impose
a significant bound because the amplitude is suppressed
by m2

Z=M
2
LQ, due to the charm quark loop. Similarly, the

τ → μeþe− decay, where λR21 plays a role via box diagrams,
can be easily evaded by setting a sufficiently small λR32.
Instead, the most significant constraint comes from the
high-pT dilepton search (via cc̄ → eþe− channel) [57],
giving jλR21j ≲ 1.4 with 36.1 fb−1 dataset.
Another important observation is the electric dipole

moment of the electron, discussed in Sec. IV D. This
mainly constrains the complex phase of λR21, requiring
argðλR21Þ ¼ argðλu21Þ þ nπ, with n being an unconstrained
integer. As a consequence, δae ∝ jλu21λR21jð−1Þn, allowing
δae to take positive or negative values. The ability to take
both signs is important because it allows the induced value
of δae to be directly checked against results from cesium
and rubidium experiments.
Figure 4(a) illustrates the results of our analysis. The

most relevant constraint for each coupling is indicated by
the horizontal and vertical lines. Of particular interest is the
constraint on λu21, which arises mainly from neutrino
oscillation data, with the coupling λR33 being fixed to its
maximum value of 1.92. The bound on λu21 is so strong
that it eliminates all but a small region consistent with the
aexpe − aRbe value (shaded area). On top of that, this bound
completely excludes the region associated with jaexpe − aCse j
(bordered by dashed lines), thereby favoring only the NP
scenario suggested by the rubidium measurement. Note
that this bound is derived based on the results in IO
context. For NO, as mentioned before, the bound will be
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approximately 1 order of magnitude stronger, ruling out the
entire displayed region.
Future experimental results will significantly affect the

outcome of this analysis. First, the high-luminosity LHC
data (∼3000 fb−1) are projected to improve the limit on
jλR21j to approximately 0.8, further shrinking the allowed
region. Second, precise determinations of the neutrino mass
ordering, the octant of θ23, and the Dirac CP phase δ will
be crucial for either validating or falsifying the present
scenario. For instance, a value of δ near the maximal
CP-violating value of 270°, even in IO, will significantly
tighten the upper bound on λu21. Similarly, if NO proves to
be the true mass ordering, our scenario would be unable to
induce a significant correction to the electron g − 2. Still,
a definitive clarification on the value of the electro-
magnetic fine-structure constant will be important for a
conclusive interpretation of the electron g − 2 within this
framework.

D. TX 2

The TX 2 scenario is analogous to TX 1. Using v and w
values inferred from Fig. 3, it is straightforward to
determine λu couplings. Specifically, we find jλu22j ¼
jvεðVtb=VcbÞλR33j≲ 1.6 × 10−4 and jλu31j ≃ jwελR33j≲
2.1 × 10−5, assuming IO and the upper value of λR33 ¼ 1.92
set by the Z → τþτ− decay. On the other hand, the coupling
λR31 is practically unconstrained by neutrino data, thanks to
the presence ofme=mτ suppression factor in the formula for
w. Therefore, in principle, it can take the maximum value
allowed by flavor constraints, which are Z → eþe−,
τ → eγ, τ → 3e, and τ → eμþμ− decays. These bounds
could be competitive to each other, depending on λR33
and λu31 values. With λR33 set to its maximum value and
jλu31j≲ 2.1 × 10−5, it is τ → 3e decay that gives the
strongest constraint.

The strong bound on λu22 prevents δaμ from receiving
significant enhancement from the charm-quark mass.
Instead, it is predominantly induced by terms proportional
to jλR22j2. The coupling λR22, like λ

R
21 in TX 1, is constrained

by the high-pT dilepton search via cc̄ → μþμ−, resulting in
jλR22j≲ 1.33. This leads to a predicted δaμ ≲ 2.85 × 10−11,
which is in a good agreement with the TI result.
The results for this texture are summarized in Fig. 4(b).

Similar to TX 1, only a small portion of region associated
with the rubidium value is allowed, whereas that corre-
sponding to the cesium measurement is entirely ruled out.
This reaffirms the significant role of neutrino data in
constraining the allowed parameter space. Future measure-
ments of neutrino oscillation parameters will impact this
texture the same way they affect TX 1.
Interestingly, in the correlation with LFV, the allowed

region further suggests that LFV tau decays, such as τ → eγ
and τ → 3e, should be observed by next-generation experi-
ments. Specifically, we find BRðτ → eγÞ ≳ 6 × 10−9 and
BRðτ → 3eÞ≳ 1.5 × 10−8, which are within future sensi-
tivity rates; see Table II. A failure to observe these LFV
decays within the projected limits would imply the

TABLE II. Current experimental upper bounds on branching
ratios of LFV decays relevant for the present discussion.

Process Present bound Future bound

μ → eγ 1.5 × 10−13 [61] 6 × 10−14 [62]
τ → eγ 3.3 × 10−8 [63] ∼10−9 [64]
τ → μγ 4.2 × 10−8 [65] ∼10−9 [64]
μ → 3e 1.0 × 10−12 [66] ∼10−16 [58]
τ → 3e 2.7 × 10−8 [67] ∼10−9 [64]
τ → 3μ 2.1 × 10−8 [67] ∼10−9 [64]
τ → μeþe− 1.8 × 10−8 [67] ∼10−9 [64]
τ → eμþμ− 2.7 × 10−8 [67] ∼10−9 [64]

FIG. 4. The allowed region presented in jλu21j vs jλR21j plane for TX 1 (a) and in jλu31j vs jλR31j plane for TX 2 (b). The darker (lighter)
shaded area corresponds to one- (two-) sigma allowed region of aexpe − aRbe , while the area bordered by the dashed lines correspond to
two-sigma allowed region of jaexpe − aCse j.
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exclusion of this scenario. In this context, LFV muon
decays are suppressed. μ → eγ suffers from the GIM-like
cancellation (see Sec. IV B), while μ → 3e and μ − e
conversion in nuclei are suppressed because the corre-
sponding couplings, λ31, λ32 (both are correlated with λ33
via neutrino mass matrix parameters a and b) are small due
to the assumption of LQ maximal mixing. If the mixing is
allowed to be small, λ3j couplings could be large, leading to
sizable rates for μ → 3e and μ − e conversion. We find that
BRðμ → 3eÞ≲ 1.4 × 10−15 and RμeðAlÞ≲ 3.5 × 10−18,
which are within the sensitivities of next-generation
experiments [58–60].

E. Perturbative cutoff

Our analysis requires the simultaneous presence of one-
and two-loop neutrino mass terms. As mentioned earlier,
the two-loop contributions will maintain their significance
as long as the LQ masses do not exceed approximately
10 TeV. Furthermore, some Yukawa couplings are con-
strained to be of order 1, with λR33 being as large as 1.92,
whereas the others, e.g., λuij (or λ

L in the original basis) are
very restricted. Thus, it is important to verify the ultraviolet
(UV) consistency of the model. We evaluate the renorm-
alization group (RG) evolution of these couplings using the
following β functions:

16π2
dλRij
dt

¼ ðYT
uY�

uλ
RÞij þ 2ðλRλR†λRÞij þ



2TrðλL†λLÞ þ TrðλR†λRÞ�λRij −

�
13

3
g02 þ 4g23

�
λRij;

16π2
dλLij
dt

¼ 1

2
ðY�

uYT
uλ

LÞkj þ 2ðλLλL†λLÞij þ


2TrðλL†λLÞ þ TrðλR†λRÞ�λLij þ 2ðY�

uλ
RY†

eÞij −
�
5

6
g02 þ 9

2
g2 þ 4g23

�
λLij;

16π2
dyt
dt

¼ 9

2
y3t þ

1

2
ðλR33Þ2yt −

�
17

12
g02 þ 9

4
g2 þ 8g23

�
yt;

16π2
dgi
dt

¼ big3i : ð28Þ

Here, Yu is the up-type Yukawa coupling matrix, of which
only the top Yukawa coupling is kept, while fb1; b2; b3g ¼
f21=3;−8=3;−13=2g are the coefficients for the three
gauge couplings g0; g; g3. Other Yukawa couplings are
neglected due to their small values, with the excep-
tion of the term proportional to Yuλ

RY†
e in the beta func-

tion of λL.
Numerical evaluation of these RGEs demonstrates that

this model is indeed perturbative and technically natural for
a broad range of energies. For instance, λR33 will not hit the
perturbative limit of

ffiffiffiffiffiffi
4π

p
up to approximately 100 TeV.

While this indicates the need for a UV completion at or
below this scale, this cutoff is sufficiently high to ensure
that the phenomenological results presented here—which
are evaluated at the TeV scale—remain robust. In addition,
the RGEs show that λLij couplings do not receive large
corrections across this energy range; their running either is
proportional to λLij or is driven by the term proportional to

Y�
uλ

RY†
e, highly suppressed by the small SM Yukawa

couplings.

F. Coupled electron and muon sectors

Before we end this section, we would like to discuss the
situation where both δae and δaμ are induced via chiral
enhancement of the same internal up-type quark, e.g., the
top quark. The nonzero elements of λu, i.e., λu31; λ

u
32, are

linked to the neutrino mass matrix parameters through

v ¼ 1

ε

λu32
λR33

þmμ

mτ

λR32
λR33

; w ¼ 1

ε

λu31
λR33

þme

mτ

λR31
λR33

: ð29Þ

To address the electron g − 2, one needs the chiral enhance-
ment, so both λR31 and λu31 must be present. On the contrary,
muon g − 2 does not need a new physics, as implied the
current lattice findings. However, the μ → eγ decay cannot
be arbitrarily suppressed because both λu32 and λ

R
32 cannot be

simultaneously zero, thanks to v ≃ 1 from oscillation data.
To see this more transparently, we express the branching
ratio of μ → eγ in terms of δae and δaμ through [46,51]

BRðμ → eγÞ ¼ τμαm3
μ

16

�
δa2e
m2

e
jxj2 þ δa2μ

m2
μ

1

jxj2
�
; ð30Þ

where τμ ¼ 2.19 × 10−6 s is the lifetime of the muon and
x≡ λu32=λ

u
31. Now, let us suppose λR32 ¼ 0, so λu32 ¼

vελR33 ≲Oð10−6Þ. Consequently, jδaμj ≪ 10−11, and thus
it can be dropped from Eq. (30). Due to me=mτ factor, λR31
practically has negligible impact on w, so it is a good
approximation to take x ≃ v=w, whose value is between
0.087 and 4.7. With such values, one cannot satisfy the
recent bound of BRðμ → eγÞ < 1.5 × 10−13 [61], unless
δae ≲ 10−15, 2 orders of magnitude smaller than the recent
values implied by both cesium and rubidium experiments.
This shows that, even with the muon g − 2 anomaly gone,
the tension between neutrino data and μ → eγ bound
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restricts the electron g − 2 from getting a significant
correction of new physics.

IV. EXPERIMENTAL CONSTRAINTS

A. Lepton anomalous magnetic moment

The scalar leptoquarks in this model can induce a
correction to the anomalous magnetic dipole moment of
a lepton, which proceeds via penguin diagrams, in which
the photon can be emitted from internal quark and lepto-
quark lines. Using Eq. (9), it is found that

δal ¼ −
3m2

l

8π2
ζa
M2

a

�
ðjλuklj2 þ jλRklj2ÞκðxkaÞ

þmuk

ml
Reðλu�klλRklÞκ0ðxkaÞ

�
; ð31Þ

where ζ1ðζ2Þ ¼ c2θðs2θÞ, xka ¼ m2
uk=M

2
a. The loop functions

κðxÞ; κ0ðxÞ are given by

κðxÞ ¼ −1 − 4xþ 5x2 − 2xð2þ xÞ ln x
12ð1 − xÞ4 ;

κ0ðxÞ ¼ 7 − 8xþ x2 þ ð4þ 2xÞ ln x
6ð1 − xÞ3 : ð32Þ

Note that in Eq. (31) only contributions from X1=3
a and

up-type quark exchange are shown. Other contributions
involving R2=3 and dj quarks exchange (driven by λij
couplings) are negligible. This can be explained as follows.
In the limit of mb ¼ 0, the loop function of the diagram
with photon attached to the down-type quark line is 2 times
larger than the one with photon attached to the leptoquark
R2=3 line, whereas the b-quark electric charge is 2 times
smaller and opposite in sign to that of leptoquark. Adding
the two contributions will result in a vanishing amplitude
at the leading order, similar to the GIM cancellation.
Nonzero terms, i.e., the analog of κðxÞ function for this
LQ exchange, will be proportional to m2

b=M
2
LQ, which are

very suppressed.
The last term of Eq. (31) is induced by an internal quark

chirality flip. This is possible because within this model the
X1=3
a LQs can couple to charged leptons with different

chirality. Thus, it will induce a significant correction if the
internal quarks are heavier than external leptons; in the
present model this can be achieved by having the top quark
or the charm quark inside the loop.

B. Lepton-flavor-violating decays

1. li → ljγ decays

Lepton-flavor-violating decays in general are expected to
occur within this model. The first process we consider is the

radiative lepton decay li → lj þ γ. Its transition amplitude
is driven by the following Lagrangian:

Leff
li→ljþγ ¼

mli

v2EW
ljσ

μν

�
e
2
A2RPR þ

e
2
A2LPL

�
liFμν þH:c:;

ð33Þ

where Fμν ¼ ∂μAν − ∂νAμ is the electromagnetic strength
tensor. The branching ratio is determined as

BRðli → ljγÞ ¼
τliαm

5
li

4v4EW

�jA2Lj2 þ jA2Rj2
�
; ð34Þ

with τli denoting the lifetime of the decaying particle li.
At the lowest order, this process arises through one-loop

penguin-type diagrams exchanging X1=3
a LQs. The Wilson

coefficients A2R;2L are found as

A2R ¼ 3

16π2
ζav2EW
M2

a

��
λukiλ

u�
kj þ

mlj

mli

λRkiλ
R�
kj

�
κðxkaÞ

þ mt

mli

λR3iλ
u�
3j κ

0ðxkaÞ
�
;

A2L ¼ ðλu ↔ λRÞ: ð35Þ

As with the δal case, contributions induced by λij are not
included because they suffer from the GIM-like cancella-
tion. Consequently, the μ → eγ rate, which can only be
driven by λ couplings here, is found several orders of
magnitude lower than the current bound. Meanwhile,
considering λu structures given in Eqs. (16) and (17), only
its element involving the top quark (i.e., λu32 in TX 1 and λu31
in TX 2) generates τ → μ=eþ γ decays through internal
chirality flip. Even so, due to neutrino data constraint, such
a term does not significantly affect the parameter space of
the model. The summary of relevant LFV decays is given in
Table II.

2. li → 3lj decays

In addition to li → ljγ, LFV decays can also occur in
the form of li → 3lj. We will focus on decays to lighter
leptons of the same flavor. The diagrams of these pro-
cesses occur at one-loop level via penguin-type diagrams
exchanging photon, the Z boson, and the Higgs boson,
together with the box diagrams. However, since the
penguin Higgs exchange diagrams are proportional to out-
going lepton masses, they are practically negligible and are
not considered here. Following the notation of [68], the
general form of the effective Lagrangian is given by
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Leff
li→3lj

¼ 1

v2EW

�
mliljσ

μν

�
e
2
A2LPR þ e

2
A2RPL

�
liFμν þ g1ðljPRliÞðljPRljÞ þ g2ðljPLliÞðljPLljÞ

þ g3ðljγ
μPRliÞðljγμPRljÞ þ g4ðljγ

μPLliÞðljγμPLljÞ þ g5ðljγ
μPRliÞðljγμPLljÞ

þ g6ðljγ
μPLliÞðljγμPRljÞ þ H:c:

�
; ð36Þ

from which one can write the branching ratio [68],

BRðli → 3ljÞ ¼
τlim

5
li

512π3v4EW

�
1

24
ðjg1j2 þ jg2j2Þ

þ 2

3
ðjg3j2 þ jg4j2Þ þ

1

3
ðjg5j2 þ jg6j2Þ

þ 8

3

�
ln
m2

li

m2
lj

−
11

4

�
ðje2A2Rj2 þ je2A2Lj2Þ

−
8

3
Reðe2A2Rg�4 þ e2A2Lg�3Þ

−
4

3
Reðe2A2Rg�6 þ e2A2Lg�5Þ

�
: ð37Þ

We ignore contributions of λuij, except that inducing
chirality flip in the dipole coefficient A2R. Effective
couplings giði ¼ 1;…; 6Þ, therefore, are given as

g1 ¼ 0; g2 ¼ 0;

g3 ¼ e2
�
A1R þ ZRglR þ 1

2
BR

�
;

g4 ¼ e2
�
A1L þ ZLglL þ 1

2
BL

�
;

g5 ¼ e2ðA1R þ ZRglLÞ;
g6 ¼ e2ðA1L þ ZLglRÞ; ð38Þ

where A1L;1R, ZL;R, and BL;R denote contributions from
photon, Z, and box diagrams. They are found as

A1R ¼ 3

16π2
ζav2EW
M2

a
λR3iλ

R�
3j κ̃RðxtaÞ;

A1L ¼ 3

16π2
v2EW
M2

3

λ3iλ
�
3jκ̃LðxbÞ;

ZR ¼ 3

16π2
ζav2EW

m2
Zc

2
Ws

2
W
λR3iλ

R�
3j ðgu

c

R − gu
c

L ÞFðxtaÞ;

ZL ¼ 3

16π2
v2EW

m2
Zc

2
Ws

2
W
λ3iλ

�
3jðgdL − gdRÞFðxbÞ;

e2BR ¼ 3

16π2
ζaζbv2EW

M2
a

λR3iλ
R�
3j jλR3jj2bðxta; rbaÞ;

e2BL ¼ 3

16π2
v2EW
M2

3

λ3iλ
�
3jjλ3jj2bð0; 1Þ; ð39Þ

with xb ¼ m2
b=M

2
3, rba ¼ M2

b=M
2
a, and gf

c

R;L ¼ −gf;SML;R ¼
−½T3ðfL;RÞ −Qfs2W �.2 Functions κ̃L;RðxÞ, FðxÞ, and bðx; yÞ
are given by

κ̃RðxÞ ¼
−10þ 27x− 18x2 þ x3 þ 2ð−4þ 6xþ x3Þ ln x

36ð1− xÞ4 ;

κ̃LðxÞ ¼
−4þ 9x− 5x3 þ ð−4þ 6xþ 4x3Þ ln x

36ð1− xÞ4 ;

FðxÞ ¼ xð1− xþ ln xÞ
ð1− xÞ2 ;

bðx; yÞ ¼ −
1

2

Z
∞

0

dt
t2

ðtþ xÞ2ðtþ yÞðtþ 1Þ : ð40Þ

Besides li → 3lj decays, there are also li → ljl
þ
k l

−
k

(j ≠ k) decays. This type of processes is similar to
li → 3lj decays, but the flavor of lþ

k l
−
k pair is different

from the other outgoing particle. The branching ratio
formula is then given as [69]

BRðli →ljl
þ
k l

−
k Þ¼

τlim
5
li

512π3v4EW

�
1

12
ðjg1j2þjg2j2Þ

þ1

3
ðjg3j2þjg4j2Þþ

1

3
ðjg5j2þjg6j2Þ

þ8

3

�
ln
m2

li

m2
lk

−3

�
ðje2A2Rj2þje2A2Lj2Þ

−
4

3
Reðe2A2Rg�4þe2A2Lg�3

þe2A2Rg�6þe2A2Lg�5Þ
�
: ð41Þ

The definitions of effective couplings are the same as the
one given in Eq. (39), with some modification,

e2BR ¼ 3

16π2
ζaζbv2EW

M2
a

λR3iλ
R�
3j jλR3kj2bðxta; rbaÞ;

e2BL ¼ 3

16π2
v2EW
M2

3

λ3iλ
�
3jjλ3kj2bð0; 1Þ: ð42Þ

2One should not be confused with the notations mb and Mb;
the former refers to the bottom-quark mass, while the latter to the
mass of X1=3

b .
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The Z-loop corrections, ZL;R, are proportional to
ðmq=mZsWcWÞ2. In the case of ZL, it is suppressed by
the bottom-quark mass, so it is practically zero. In contrast,
ZR gains a significant enhancement by a factor of 16 from
the top mass. This indicates that Z contributions with top
exchange can dominate over photon and box diagrams,
especially when λu31 or λu32 is very small (no internal
chirality enhancement), due to neutrino oscillation
constraints.
However, when these couplings are sufficiently large—a

condition typically outside the region allowed by neutrino
oscillation data—the corresponding dipole terms start to
become significant. This explains the behaviors of LFV
constraints from τ → eγ and τ → 3e illustrated in Fig. 4(b).
Since the τ → 3e amplitude has an additional power of
electromagnetic coupling compared to τ → eγ, it is τ → eγ
that provides better constraints on the parameter space for
that region of λu31 value. We observe an analogous situation
when comparing τ → μγ and τ → 3μ decays.

3. μ− e conversion in nuclei

Another bound that may affect the parameter space of the
model is the one coming from the conversion of muon to
electron in nuclei. This process bears similarity with the
μ → eγ process but with off shell photon converted into qq̄
pair. In addition, there are also Z-mediated and box dia-
grams, as well as tree-level diagrams. We will be particu-
larly interested in the so-called coherent process, where the
final state of the nucleus is the same as the initial one. At the
quark level, the effective Lagrangian is written as [70]

Leff
μ−e conv ¼ 1

2v2EW



emμēσμνA2RPRμFμν − gqLSðēPRμÞðq̄qÞ

− gqLVðēγμPLμÞðq̄γμqÞ
� þ ðL ↔ RÞ þ H:c:

ð43Þ

Note that we do not include pseudoscalar, axial-vector, and
tensor quark operators as they do not contribute to the
coherent process.
Considering the coupling textures presented, only λ

couplings (via R2=3 exchange) can induce the μ − e
transition. However, as we have seen before, the corre-
sponding dipole coefficients suffer from the GIM-like
cancellation, rendering them negligible. Similarly, the
scalar operators cannot be induced because this particular
couplings can only connect muon and electron with the
same chirality.
Consequently, only the left-handed vector operator

contributes to the process. This operator needs to be
matched to the nucleon level, giving hNjq̄γμqjNi ¼
nðq;NÞN̄γμN, with nðq;NÞ denoting the number of valence
quark q in nucleon N. As a result, box and tree-level
exchanges can be omitted as they contain only b-quark
flavor. The effective coupling is given by

gqLV ¼ e2QqA1L − e2


T3ðqÞ − 2Qqs2W

�
ZL; ð44Þ

where gqRV ¼ gqRS ¼ gqLS ¼ 0, and the coefficients A1L and
ZL are defined in Eq. (39).
From here, the conversion rate is found as [70]

Γðμ − e convÞ ¼ m5
μ

v4EW

���ð2guLV þ gdLVÞVp

þ ð2gdLV þ guLVÞVn
���2; ð45Þ

with Vp;n being overlap integrals for the proton and
neutron. Their definitions and values for various atomic
nuclei are given in Ref. [70]. It is worth noting that the Z
contribution is suppressed by m2

b=m
2
Z, so it would induce

merely a negligible correction. The dominant contribution
is driven by the photon exchange, which is proportional
to the electric charge of the valence quarks. Because of
that, the term associated with the neutron will be effec-
tively zero.
Today, the strongest constraint of such a conversion

comes from the search in the gold nucleus by SINDRUM II
Collaboration [71], i.e., Rμe≡Γðμ−econvÞ=ΓðcapturedÞ<
7×10−13, with ΓðcapturedÞ ¼ 13.06 × 10−6 s−1 and
Vp ¼ 0.0974. Future experiments, such as COMET [59]
andMu2e [60], are projected to reach the sensitivities of the
order Oð10−18Þ using aluminum target.

C. Constraints from Z → l+l− decays

Leptoquark Yukawa interactions, given in Eq. (9), can
induce corrections to the Zff̄ couplings. These interactions
are described by the Lagrangian,

LZ ¼ g
cW

f̄γμ
�
gfLPL þ gfRPR

�
fZμ þ H:c:; ð46Þ

where gfL;R ≡ gf;SML;R þ δgfL;R represent the effective left- and
right-handed couplings.
We are particularly interested in corrections to leptonic

couplings glL;R, determined from Z → lþl− decays. These
decays have been precisely measured by the LEP experi-
ment, giving the following values [72]:

geL ¼ −0.26963� 0.00030; geR ¼ 0.23148� 0.00029

gμL ¼ −0.2689� 0.0011; gμR ¼ 0.2323� 0.0013

gτL ¼ −0.26930� 0.00058; gτR ¼ 0.23274� 0.00062:

ð47Þ

Corrections to these couplings arise at one-loop level from
Z-penguin diagrams, in the similar manner as li → 3lj

decays. The difference is here there is a significant correc-
tion from the Z momentum, leading to [73]
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δglL ¼ jλ3lj2xZ3
16π2

�
gdR

�
1

6
þ iπ − ln xZ3

�
þ 1

6
glL

�
;

δglR ¼ 3jλR3lj2ζa
16π2

�
ðgucL − gu

c

R ÞFðxtaÞ þ
1

12
xZafðxtaÞ

�

þ
X
i¼1;2

jλRilj2ζaxZa
16π2

�
gu

c

L

�
1

6
þ iπ − ln xZa

�
þ 1

6
glR

�
;

ð48Þ

with xZ3 ¼ m2
Z=M

2
3 and

fðxÞ ¼ gu
c

L
ð1 − xÞð−8þ 7x − 5x2Þ − 2ð2þ x3Þ ln x

ð1 − xÞ4

þ gu
c

R
ð1 − xÞð2þ 5x − x2Þ þ 6x ln x

ð1 − xÞ4

þ glR
ð1 − xÞð2 − 7xþ 11x2Þ þ 6x3 ln x

3ð1 − xÞ4 : ð49Þ

Again, contributions from λuij couplings are ignored, and all
fermion masses except the top mass are set to zero.

D. Electric dipole moment of electron

Another important observable for our discussion is the
electric dipole moment of electron (electron EDM) de,
defined through the Lagrangian term,

L ¼ −
de
2
ðēσμνiγ5eÞFμν: ð50Þ

Within this model, such a quantity can only be induced at
one-loop level via internal chirality flip and is given by

de ¼
3e
16π2

ζamuk

M2
a

ImðλRk1λu�k1Þκ0ðxkaÞ: ð51Þ

The current limit on this quantity is jdej< 4.1× 10−30 e cm
[48]. For a specific M1 ¼ 1500 GeV, ΔM ¼ 50 GeV, and
maximal LQ mixing, the experimental bound on de trans-
lates to

j ImðλR21λu�21Þj < 5.0 × 10−9 for TX 1;

j ImðλR31λu�31Þj < 8.4 × 10−11 for TX 2: ð52Þ

These stringent limits suggest either extremely tiny values
for λR21; λ

R
31 or highly aligned phases such that argðλRk1Þ ¼

argðλuk1Þ þ nπ, where n is an arbitrary integer. Similar
observations are also seen in the case of the muon EDM.

E. High-pT dilepton tails

Some couplings within this model can also contribute to
dilepton production pp → lþl− at the LHC, i.e., via the
tree-level LQ exchanges. This finds its relevance when the
corresponding quarks are of first or second generation.

Since the LQ masses we consider are well above the
electroweak scale, we can adopt the effective theory
approach. We are particularly interested with the following
flavor-conserving dim-6 operators involving right-handed
up-type quark,

Leff ¼ −
2

v2EW
CRR
ij ðq̄iγμPRqiÞðljγμPRljÞ; ð53Þ

with

CRR
ij ¼ v2EW

4

�
c2θ
M2

1

þ s2θ
M2

2

�
jλRijj2: ð54Þ

Other operators with left-handed quarks or leptons, i.e.,
CLL
ij or CRL

ij , are not considered. This is because these
operators involve λu couplings, which are constrained to be
small by neutrino oscillation data.
Two particular coefficients that are relevant for our

discussion are CRR
21 in TX 1 and CRR

22 in TX 2. The
magnitudes of these coefficients have been tabulated in
Ref. [57] based on high-pT dilepton search by ATLAS
Collaboration. Their conservative bounds are found to be
jCRR

21 j < 0.0127 ð0.00417Þ and jCRR
22 j < 0.0162 ð0.00632Þ

for 36.1 fb−1 ð3000 fb−1Þ luminosity.

F. Flavor constraints in the quark sector

So far, we have only discussed the effects on LQ
interactions in the lepton sector. In principle, these inter-
actions may induce flavor-changing processes in the quark
sector. However, in general, those effects are negligible.
This is primarily due to the suppression of λu elements
by neutrino data, which are related to down-type couplings
via λd ¼ VTλu, and the TeV-scale of LQ masses. In
addition, texture choices of Yukawa coupling matrices, λ
and λR, allow us to explicitly avoid certain flavor-changing
processes.
To illustrate this, let us examine the b → sνν̄ transition.

In the SM, such a ΔB ¼ 1 (not to be confused with baryon
number B mentioned in earlier section) process is expected
to be suppressed, as its leading contributions only arise at
one-loop level via Z-penguin and box diagrams. Within the
present LQ framework, it can appear at tree level driven by
λd couplings. (Another tree-level contribution induced by λ
does not occur because, in the present discussion, this
coupling matrix only couples to the b quark.) The corre-
sponding effective Hamiltonian can be expressed as

Heff ¼ −
4GFffiffiffi

2
p VtbV�

tsCν
LO

ν
L; ð55Þ

where

Oν
L ¼ αem

4π
ðs̄γμPLbÞ

�
ν̄iγμð1 − γ5Þνj

�
; ð56Þ
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and Cν
L ≡ Cν;SM

L þ Cν;new
L . The SM Wilson coefficient is

given by Cν;SM
L ¼ −Xðm2

t =m2
WÞ=s2W, with the function XðxÞ

defined in [74], whereas the new contribution is found as

Cν;new
L ¼ −

ffiffiffi
2

p
πλd3iλ

d�
2j

4GFM2
LQVtbV�

tsαem
: ð57Þ

In deriving the above relation, we have assumed a maximal
LQ mixing angle and M1 ≃M2 ¼ MLQ. Numerically,
Cν;SM
L ¼ −6.38� 0.06 [75]. Using the coupling values from

Fig. 4 withMLQ ¼ 1.5 TeV, it follows that jCν;new
L =Cν;SM

L j∼
Oð10−8Þ for both TX 1 and TX 2, indicating that the
b → sνν̄ transition receives no significant correction from
the LQ sector. Consequently, the rates for related processes,
such as B → Kνν̄, remain consistent with SM predictions.
The suppression of NP effects in kaon decays can also be
explained in an analogous way.
We now turn to the b → slþl− transition, whose

effective Hamiltonian is stated as

Heff ¼ −
4GFffiffiffi

2
p VtbV�

ts

h
Cll
9 Oll

9 þ Cll0
10 O

ll
10

i
; ð58Þ

with Oll
9ð10Þ ¼ ðαem=4πÞ½s̄γμPLb�½lγμðγ5Þl� and Cll

9ð10Þ ¼
Cll;SM
9ð10Þ þ Cll;new

9ð10Þ . For the SM, we have Cll;SM
9 ¼

−Cll;SM
10 ¼ Yðm2

t =m2
WÞ=s2W , with the expression of YðxÞ

given in [74]. The LQ contributions arise through box
diagrams, given by

Cll;new
9 ¼ Cll;new

10 ¼ −
ffiffiffi
2

p ðλdλd†Þ32ðλR†λRÞll
128πGFM2

LQVtbV�
tsαem

: ð59Þ

Although λR ∼Oð1Þ, these new contributions are still
orders of magnitude smaller than the SM values. Thus,
no significant deviations from the SM predictions are
expected for B → Klþl− and Bs → lþl− decays.
Furthermore, decays into different light lepton flavors,
e.g., B → Ke�μ∓, can be trivially satisfied, thanks to the
decoupling nature of the electron and muon sectors. Also,
the new effects on ΔB ¼ 2 and ΔS ¼ 2 processes, such as
Bd;s − B̄d;s and K-K̄ mixings, are expected to be more
suppressed due to having more power of λdij in their
diagrams.
The above analysis can be extended to cases involving

charm quarks, relevant for B → Dτν or D → lν decays.
We start with b → cτν transition, whose effective
Hamiltonian is given by

Heff ¼
4GFffiffiffi

2
p Vcb


ð1þ CV
LÞðc̄γμPLbÞðτ̄γμPLνÞ

þ CS
Lðc̄PLbÞðτ̄PLνÞ þ CT

Lðc̄σμνPLbÞðτ̄σμνPLνÞ
�
;

ð60Þ

with Wilson coefficients,

CV
L ¼ λd3iλ

u�
23

ffiffiffi
2

p

8GFVcbM2
LQ

; CS
L ¼ −4CT

L ¼ −
λd3iλ

R�
23

ffiffiffi
2

p

8GFVcbM2
LQ

:

ð61Þ

Again, no deviations from SM values are expected to occur:
jCV

L j ¼ 0, thanks to λu23 ¼ 0 in these specific textures, while
λR23 ∼ 1, although allowed by neutrino oscillation data,
cannot compensate for the suppression of λd3i, resulting
in jCS

Lj ≪ 1. The same behavior is also observed in
decays involving light leptons b → clν (l ¼ e, μ) and
D → lν. The former, in particular, leads to RDð�Þ ≡
BRðB → Dð�ÞτνÞ=BRðB → Dð�ÞlνÞ values that remain
consistent with the SM.

V. CONCLUSIONS

In this paper, we analyzed a radiative neutrino mass
model featuring two scalar leptoquarks Sð3; 1;−1=3Þ and
Rð3; 2; 1=6Þ in the context of recent lepton g − 2 observa-
tions. By employing flavor textures that decouple the
electron and muon sectors, we ensured that the anomalous
magnetic dipole moments are induced by different up-type
quarks, thereby suppressing dangerous μ → eγ decay. In
the minimal scenario, consistency with neutrino oscillation
data requires the simultaneous presence of one- and two-
loop neutrino mass contributions.
The model predicts a massless lightest neutrino, accom-

modates both normal and inverted orderings, and estab-
lishes a direct link between neutrino oscillation data and
the lepton g − 2 values. We find that while neutrino data
prevent a large new correction to the muon g − 2, the
electron g − 2 discrepancy (as implied by the Rb experi-
ment) can be resolved within 2σ, achievable only for
the inverted neutrino mass ordering. Furthermore, our
analysis indicates that the model remains perturbative
and technically natural up to 100 TeV. Finally, the predicted
rates for LFV processes, such as τ → eγ and τ → 3e, lie
near current experimental limits. Future results from
neutrino oscillations, high-luminosity colliders, and LFV
searches will provide critical tests to confirm or falsify this
scenario.
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