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Experimental constraints

(g − 2) anomaly of a charged lepton ea = e, µ, τ : aea ≡
(g−2)ea

2
.

Deviations ≡ experiment [PRL 131 (2023) 16, 161802] - the SM [Phys. Rept.
887, 1-166 (2020)]. For muon:

∆aNP
µ ≡ aexp

µ − aSM
µ = (2.49± 0.48)× 10−9(2023)[our work used],

∆aNP
µ = (1.13± 0.35)× 10−9[PDG 2024],

∆aNP
µ = (2.08± 0.41)× 10−9[PDG 2024]

For electron: |∆aNP
e | ∝ O(10−13) [Science 360 (2018), 191; Phys. Rev. Lett.

130 (2023) no.7, 071801; Nature 588 (2020) no.7836, 61]

LFV decays: cLFV: eb → eaγ, LFVh: h→ ebea, LFVZ: Z → ebea.
Recent experimental contraints for LFV rates (Br):

Br(τ → µγ) < 4.2× 10−8, Br(τ → eγ) < 3.3× 10−8, Br(µ→ eγ) < 3.1× 10−13,

Br(h→ τµ) < 1.5× 10−3, Br(h→ τe) < 2× 10−3, Br(h→ µe) < 4.4× 10−5,

Br(Z → τµ) < 6.5× 10−6, Br(Z → τe) < 5.0× 10−6, Br(Z → µe) < 2.62× 10−7.
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Our idea

Neutrino oscillation → a real LFV source in the neutral lepton sector →
a reason to hope that LFV decays relating to charged leptons (e, µ, τ)
will appear.

Our study: models beyond the SM (BSMs) with LFV sources from only
(inverse seesaw and active) neutrino couplings are chosen to successfully
explain the experimental data of (g − 2)e,µ anomalies and neutrino
oscillation.

Question: (g − 2)e,µ anomalies and LFV decay rates both come from
loop contributions relating to the similar neutrino couplings to lepton
and scalar/gauge bosons → large ∆aµ ∝ 10−9 and |∆ae| ∝ O(10−13)
result in large LFV decay rates: Will they be ruled out by experimental
constraints or not ?→ Numerical investigations in the two 3-3-1 and
left-right models will address this question.

Our second discussion: Constructing general analytic formulas for
one-loop contributions to the LFVZ decay rates.

4



Int. Joint Workshop on the SM and Beyond 2024

General Lagrangian for LFV sources and (g − 2)ea anomalies [1807.11484]:

LFeS =
∑
F,S

3∑
a=1

F (gLaFSPL + gRaFSPR)eaS + h.c., (1)

LFeV =
∑
F,V

3∑
a=1

Fγµ(gLaFV PL + gRaFV PR)eaVµ + h.c., (2)

QB = QF − 1 with B = S, V .

F = ea → (g − 2)ea anomaly

F 6= ea → LFV couplings.

Feynmanrules for photon couplings:
Vertex Coupling Vertex Couplings

Aµ(p0)V ν(p+)V ∗λ(p−) −ieQV Γµνλ(p0, p+, p−) AµS(p+)S∗(p−) ieQS(p+ − p−)µ
AµFF ieQF γµ

Γµνλ(p0, p+, p−) = gµν(p0 − p+)λ + gνλ(p+ − p−)µ + gλµ(p− − p0)ν .
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One-loop contributions in the unitary gauge

(1)

S

Feb ea

γ

p1

q

p2

(2)

F

Seb ea eaFebeb

(3) (4)

eaeaFeb

(5)

eb ea

γ

V +

F

(6)

F

V +eb ea

(7) (8)

fΦ(x) = 2g̃Φ(x) =
x2 − 1− 2x lnx

4(x− 1)3
, gΦ =

x− 1− lnx

2(x− 1)2
,

f̃Φ(x) =
2x3 + 3x2 − 6x+ 1− 6x2 lnx

24(x− 1)4
, fV (x) =

x3 − 12x2 + 15x− 4 + 6x2 lnx

4(x− 1)3
,

gV (x) =
x2 − 5x+ 4 + 3x lnx

2(x− 1)2
, f̃V (x) =

−4x4 + 49x3 − 78x2 + 43x− 10− 18x3 lnx

24(x− 1)4
,

g̃V (x) =
−3(x3 − 6x2 + 7x− 2 + 2x2 lnx)

(x− 1)3
.
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cLFV decays eb → eaγ and (g − 2)ea anomalies

One-loop form factors:

cX(ab)R ≡
e

16π2m2
X

{
gL∗aFXg

R
bFXmF

[
fX (tX) +QF gX (tX)

]
+
[
mbg

L∗
aFXg

L
bFX +mag

R∗
aFXg

R
bFX

] [
f̃X (tX) +QF g̃X (tX)

]}
,

where X = S, Vµ, tX ≡ m2
F /m

2
X (m2

X � m2
ea):

aea : aea = − 4ma
e

∑
F,X Re

[
cX(aa)R

]
electric dipole moment (EDM): dea = −2

∑
F,X Im[cX(aa)].

Br(eb → eaγ) = 48π2

G2
Fm

2
b

(
|c(ab)R|2 + |c(ba)R|2

)
Br(eb → eaνaνb), with

c(ab)R =
∑
X,F c

X
(ab)R, c(ba)R =

∑
X,F c

X
(ba)R, Br(µ→ eνeνµ) ' 1,

Br(τ → eνeντ ) ' 0.1782, and Br(τ → µνµντ ) ' 0.1739.
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LFVh and LFVZ decays

iM(Z → e+
b e
−
a ) =

ie

16π2
ua
[
/ε (ālPL + ārPR) + (p1.ε)

(
b̄lPL + b̄rPR

)]
vb,

Γ(Z → e+
b e
−
a ) =

√
λ

16πm3
Z

×
( e

16π2

)2
(
λM0

12m2
Z

+M1 +
M2

3m2
Z

)
,

M0 = (m2
Z −m2

a −m2
b)
(
|b̄l|2 + |b̄r|2

)
− 4mambRe

[
b̄lb̄
∗
r

]
− 4mbRe

[
ā∗r b̄l + ā∗l b̄r

]
− 4maRe

[
ā∗l b̄l + ā∗r b̄r

]
,

M1 = 4mambRe [ālā
∗
r ] ,

M2 =
[
2m4

Z −m2
Z

(
m2
a +m2

b

)
−
(
m2
a −m2

b

)2] (|āl|2 + |ār|2
)
,

λ = m4
Z +m4

b +m4
a − 2(m2

Zm
2
a +m2

Zm
2
b +m2

am
2
b);

[eprint: 1607.05257, 2107.14207, 2312.11427]

LLFVh = h
(

∆
(ab)
L eaPLeb + ∆

(ab)
R eaPReb

)
+ H.c., [eprint: 0407302]

Γ(h→ eaeb) ≡ Γ(h→ e−a e
+
b ) + Γ(h→ e+

a e
−
b ) ' mh

8π

(
|∆(ab)

L |2 + |∆(ab)
R |2

)
. (3)

āl,R, b̄l,R, ∆
(ab)
L,R: loop corrections needed to calculate in a certain BSM.
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LFVZ : Feynman rules and one-loop diagrams in the unitary gauge

Vertex Coupling

Zµ(p0)V ν(p+)V ′∗λ(p−) −iegZV V ′Γµνλ(p0, p+, p−)

ZµS′∗(p−)S(p+), iegZS′∗S(p+ − p−)µ
SV µ∗Zν , S∗V µZν iegSZV gµν , ieg∗SZV gµν
ZµFF ′, ZµF ′F ieγµ

(
gLZFF ′PL + gZFF ′RPR

)
, ieγµ

(
gL∗ZFF ′PL + gZFF ′R∗PR

)
Z

V

V ′

F

e+
b

e−a

q

p1

p2

k

(1)

Z
F

F ′

V

e+
b

e−a

(2)

Z
V

S

F

e+
b

e−a

(3)

Z
S

V

F

e+
b

e−a

(4)

Z
S

S′

F

e+
b

e−a

(5)

Z
F

F ′

S

e+
b

e−
a

(6)

Z
F

e−
a

V

e+
b

(7)

Z

F

e+
b

V

e−
a

(8)

Z
F

e−a
S

e+
b

(9)

Z

F

e+
b

S

e−
a

(10)
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Dirac vs Majorana fermions

[H. K. Dreiner, H. E. Haber and S. P. Martin, Phys. Rept. 494 (2010)]

Dirac fermion F 6= (F )c:

LDZff =e
∑
F,F ′

[
Fγµ

(
gLZFF ′PL + gRZFF ′PR

)
F ′Zµ + h.c.

]
,

LDhff =−
∑
F,F ′

[
F
(
gLhFF ′PL + gRhFF ′PR

)
F ′h+ h.c.

]
. (4)

Majorana fermion F = (F )c and F ′ = (F ′)
c
:

LMZff =
e

2

∑
F,F ′

Fγµ
(
gLZFF ′PL − gL∗ZFF ′PR

)
F ′Zµ,

LMhff =− 1

2

∑
F,F ′

F
(
gLhFF ′PL + gL∗hFF ′PR

)
F ′h, (5)

where gRhFF ′ = gL∗hFF ′ and gRZFF ′ = −gL∗ZFF ′ = −gLZF ′F .
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Steps of One-loop calculations

Deriving āl,r and āl,r directly for every one-loop diagrams, using the
unitary gauge for gauge boson:

∆
(u)µν
V =

−i
k2 −m2

V

(
gµν − kµkν

m2
V

)
, ∆

(u)
GV

= 0.

Using the Form package [J. A. M. Vermaseren, arXiv:math-ph/0010025
[math-ph]] to crosscheck the results of contractions of the products of
Dirac matrices.

One-loop formulas are expressed in terms of the Passarino-Veltman
functions [Nucl.Phys.B 160 (1979) 151], using the LoopTools conventions
[Comput. Phys. Commun. 118 (1999), 153] (easy for numerical
evaluations using LoopTools packgage):

A0(m2) =
(2πµ)4−d

iπ2

∫
ddk

k2 −m2 + iδ
,

B{0,µ}(p
2
i ,M

2
0 ,M

2
i ) =

(2πµ)4−d

iπ2

∫
ddk × {1, kµ}

D0Di
, i = 1, 2,

C0,µ,µν
(2πµ)4−d

iπ2

∫
ddk{1, kµ, kµkν}

D0D1D2
,

where D0 ≡ k2−M2
0 + iδ, D1 ≡ (k− p1)2−M2

1 + iδ, D2 ≡ (k+ p2)2−M2
2 + iδ.

A0(m2) = m2(CUV − ln(m2) + 1),

Bµ(p2
i ,M

2
0 ,M

2
1 ) = (−1)ip1µB1(p2

i ,M
2
0 ,M

2
i ), i = 1, 2;

Cµ = (−p1µ)C1 + p2µC2,

Cµν = gµνC00 + p1µp1νC11 + p2µp2νC22 − (p1µp2ν + p2µp1ν)C12,

CUV = 2/(4− d)− γE + ln(4πµ2): the divergent part.
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Steps of One-loop calculations

Simple conventions:

B
(12)
0 ≡ B0(q2;M2

1 ,M
2
2 ) =

(2πµ)4−d

iπ2

∫
ddk

D1D2
,

B(12)
µ ≡ (2πµ)4−d

iπ2

∫
ddk × kµ
D1D2

= B
(12)
1 qµ +B

(12)
0 p1µ,

where B
(12)
1 ≡ B1(q2;M2

1 ,M
2
2 ).

Notations appearing in many important formulas:

X0 ≡ C0 + C1 + C2, X1 ≡ C11 + C12 + C1 X2 ≡ C12 + C22 + C2,

X3 ≡ C1 + C2 = X0 − C0, X012 ≡ X0 +X1 +X2, Xij = Xi +Xj .

The divergent parts of the PV-functions:

div[C0] = div[Ci] = div[Cij ] = 0; i, j = 1, 2,

div[C00] =
CUV

4
, div[B

(1)
0 ] = div[B

(2)
0 ] = div[B

(12)
0 ] = CUV ,

div[B
(1)
1 ] = div[B

(2)
1 ] = div[B

(12)
1 ] = −CUV

2
.

⇒ easily to derive the divergent parts in one-loop formulas
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LFVZ decays: One-loop form factors.
Diagram (1) with gXY ≡ gXY

FV V ′ = gX∗aFV g
Y
bFV ′ with X, Y = L,R:

ā
FV V ′
L =gZV V ′

{
g
LL

[(
2(2− d) +m

2
F f
)
C00 + 2(m

2
Z −m

2
a −m

2
b)X3

−
(
f(m

2
V +m

2
V ′ ) + 4

)
(B

(12)
0 +m

2
FC0)

+
1

m2
V

(
A0(mV ) +m

2
FB

(1)
0 +m

2
aB

(1)
1 − (m

2
V −m

2
V ′ +m

2
Z)m

2
aC1

)

+
1

m2
V ′

(
A0(mV ′ ) +m

2
FB

(2)
0 +m

2
bB

(2)
1 − (−m2

V +m
2
V ′ +m

2
Z)m

2
bC2

)
+g

RR
mamb

[
f
(
C00 +m

2
V ′C2 +m

2
V C1

)
− 2X3

]

−gRLmamF

fC00 + (2− fm2
V ′ )C0 + f(m

2
V −m

2
V ′ )C1 +

B
(1)
0 + B

(1)
1

m2
V


−gLRmbmF

fC00 + (2− fm2
V )C0 − f(m

2
V −m

2
V ′ )C2 +

B
(2)
0 + B

(2)
1

m2
V ′

 ,
(6)

ā
FV V ′
R =ā

FV V ′
L

[
g
LL → g

RR
, g
RL → g

LR
, g

LR → g
RL
]
, (7)
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LFVZ decays: One-loop form factors:

b̄
FV V ′
L =gZV V ′

{
g
LL

ma

[
4(X3 −X1) + f(m

2
FX01 +m

2
bX2)− 2(m

2
V ′f + 2)C2

]
+g

RR
mb

[
4(X3 −X2) + f(m

2
FX02 +m

2
aX1)− 2(m

2
V f + 2)C1

]
−gRLmF

[
f

(
m

2
FX0 +m

2
aX1 +m

2
bX2 − 2m

2
V C1 − 2m

2
V ′C2

)
+ 4X3

]
− gLRmambmF fX012

}
, (8)

b̄
FV V ′
R =b̄

FV V ′
L

[
g
LL → g

RR
, g
RR → g

LL
, g
RL → g

LR
, g

LR → g
RL
]
,

f =
(m2

Z −m
2
V −m

2
V ′ )

m2
V
m2
V ′

.

Results: in agreement with [JHEP 03 (2022), 106], restricted to the two
Higgs doublet model with seesaw neutrinos and only gLL 6= 0. One-loop
formulas are derived in the ’t Hooft-Feynman gauge.

Results: consistent with [Eur.Phys.J.C 83 (2023) 6, 494], calculated in
both unitary and ’t Hooft-Feynman gauges, but for a simple SM
extension with seesaw neutrinos. Only gLL 6= 0.

For more one-loop formulas, see our paper, arix:2409.01390, EPJC.
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LFVh : Feynman rules and one-loop diagrams in the unitary gauge

Vertex Coupling

hV µV ′∗ν ighV V ′gµν
hSS′∗ −iλhSS′

V µS∗(p−)h(p0), V ∗µS(p+)h(p0) igV Sh(p0 − p−)µ, ig∗V Sh(p+ − p0)µ

hFF ′, hF ′F −i
(
gL
hFF ′PL + gR

hFF ′PR
)
, −i

(
gL∗
hFF ′PR + g

hFF ′R∗PL

)

h

V

V ′

F

e
+

b

e−a

(1)

h

F

F ′

V

e
+

b

e−a

(2)

h

V

S

F

e
+

b

e−a

(3)

h

S

V

F

e
+

b

e−a

(4)

h

S

S′

F

e
+

b

e−a

(5)

h

F

F ′

S

e
+

b

e−
a

(6)

h

F

e−a
V

e
+

b

(7)

h

F

e
+

b

V

e−
a

(8)

h

F

e−a
S

e
+

b

(9)

h

F

e
+

b

S

e−
a

(10)
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LFVh decays: one-loop form factors.

∆
FV V ′
L =−

ghV V ′g
LLma

16π2

{
2C1 −

1

m2
V

[
B

(12)
1 − (m

2
F −m

2
a)(C0 + C1)− (B

(2)
0 +m

2
V C0)

]
−

1

m2
V ′

[
B

(12)
1 + B

(12)
0 − (m

2
F −m

2
b)C1

]
−

1

2m2
V
m2
V ′

[
A0(mV ′ ) +m

2
F

(
B

(1)
0 + B

(2)
0 + B

(1)
1

)
+m

2
bB

(2)
1

+(m
2
V +m

2
V ′ − q

2
)
(
m

2
F (C0 + C1) +m

2
bC2 − B

(12)
1

)]}
−
ghV V ′g

RLmF

32π2m2
V
m2
V ′

{
4m

2
Vm

2
V ′C0 + A0(mV ) + A0(mV ′ ) + (m

2
F − 2m

2
V )B

(1)
0

+ (m
2
F − 2m

2
V ′ )B

(2)
0 +m

2
aB

(1)
1 +m

2
bB

(2)
1

+ (m
2
V +m

2
V ′ − q

2
)(B

(12)
0 +m

2
aC1 +m

2
bC2 +m

2
FC0)

}

−
ghV V ′g

LRmambmF

32π2m2
V
m2
V ′

[
B

(1)
0 + B

(2)
0 + B

(1)
1 + B

(2)
1 + (m

2
V +m

2
V ′ − q

2
)X0

]

−
ghV V ′g

RRmb

16π2

{
2C2 +

1

m2
V

[
B

(12)
1 + (m

2
F −m

2
a)C2

]
+

1

m2
V ′

[
B

(12)
1 + B

(12)
0 + (m

2
F −m

2
b)(C0 + C2) + B

(1)
0 +m

2
V ′C0

]
−

1

2m2
V
m2
V ′

[
A0(mV ) +m

2
F

(
B

(1)
0 + B

(2)
0 + B

(2)
1

)
+m

2
aB

(1)
1

+(m
2
V +m

2
V ′ − q

2
)
(
m

2
F (C0 + C2) +m

2
aC1 + B

(12)
1 + B

(12)
0

)]}
(9)
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The left-right model with ISS neutrinos (LRIS)

The gauge group SU(3)c × SU(2)L × SU(2)R × U(1)B−L × Z2:

[arxiv: 2207.05828, PRD; 2101.08255,PRD]

QL =

(
u
d

)
L

∼
(

3, 2, 1,
1

3
,+

)
, LL =

(
ν
e

)
L

∼ (1, 2, 1,−1,+) ,

QR =

(
u
d

)
R

∼
(

3, 1, 2,
1

3
,+

)
, LR =

(
ν
e

)
R

∼ (1, 1, 2,−1,+) ,

S1 ∼ (1, 1, 1, 0,−) , S2 ∼ (1, 1, 1, 0,+) ,

φ =

(
φ01 φ+1
φ−2 φ02

)
∼ (1, 2, 2, 0,+) , χR =

(
χ+
R

χ0
R

)
∼ (1, 1, 2, 1,+) . (10)
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Yukawa Lagrangian for leptons

−LY =

3∑
i,j=1

[
yLijLRiφ

†LLj + ỹLijLRi φ̃
†LLj + ysijLRi χ̃R(S2j)

c + H.c.
]
,

φ̃ = σ2φ
∗σ2, and χ̃R = iσ2χ

∗, 〈φ〉 = diag
(
v1√
2
, v2√

2

)
, 〈χ0

R〉 = vR√
2

−Lνmass =νRmDνL + νRM
T
R (S2)c +

µs
2
S2(S2)c + h.c.

=
1

2

(
(νL)c, νR, S2

)
Mν (νL, (νR)c, (S2)c)

T
+ h.c., (11)

νL = (ν1, ν2, ν3)TL, νR = (ν1, ν2, ν3)TR, S2 = (S21, S22, S23)T .
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Lepton masses and mixing

M` = (yLcβ + ỹLsβ)v/
√

2,

Mν =

O3×3 mT
D O3×3

mD O3×3 MT
R

O3×3 MR µs

 , mD =
v√
2

(
yLsβ + ỹLcβ

)
, MR =

ysT√
2
vR, (12)

UνTMνUν = M̂ν = diag(mn1 , mn2 , ...,mn9) = diag(m̂ν , M̂N ),

n′L = UνnL, n
′
R = Uν∗nR = Uν∗(nL)c, (13)

Uν '


(
I3 − R0R

†
0

2

)
Uν3

iR0√
2

R0√
2

O3×3 − iI3√
2

I3√
2

−R†0Uν3 i√
2

(
I3 − R

†
0R0

2

)
1√
2

(
I3 − R

†
0R0

2

)
 , (14)
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Lepton masses and mixing parameters

Casas-Ibarra parameterisation for mD [hep-ph/0103065, NPB]:

mD = x
1
2
0 MRµ̂

− 1
2

s ξx̂
1
2
ν U

ν†
3 , (15)

R0 ≡ x
1
2
0 U

ν
3 x̂

1
2
ν ξ
†µ̂
− 1

2
s , (16)

MR = M̂R = diag(M1,M2,M3), M̂N = diag(M̂R, M̂R),

x0 ≡
max[mn1 ,mn2 ,mn3 ]

|(µs)22|
� 1,

µ̂s ≡
µs

|(µs)22|
, x̂ν ≡

m̂ν

max[mn1 ,mn2 ,mn3 ]
. (17)

U `†RM
`U `L =M̂` = diag(me,mµ,mτ ), eL,R → U `L,ReL,R,

UPMNS =U `†L U
ν
3 . (18)
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Gauge boson

LHk = Tr
[
(Dµφ)†(Dµφ)

]
+ (Dµχ)† (Dµχ) . (19)

W±L,Rµ ≡ (W 1
L,Rµ ∓ iW 2

L,Rµ)/
√

2,(
W±Lµ
W±Rµ

)
=

(
cθ −sθ
sθ cθ

)(
W±µ
W ′±µ

)
,

m2
W =

g2v2

4
× (1− tθs2β) , m2

W ′ =
g2v2

R

4
× c2θ (s2β + tθ)

c2θs2β
, (20)

W 3
Rµ

B′µ
W 3
Lµ

 =

 cζcϕ − sW sζsϕ −cϕsζ − cζsW sϕ cW sϕ
−cϕsW sζ − cζsϕ sζsϕ − cζcϕsW cW cϕ

cW sζ cW cζ sW

Z′µZµ
Aµ

 ,

m2
Z '

m2
W

c2W
, m2

Z′ '
m2
W ′

c2ϕ
. (21)

21



Int. Joint Workshop on the SM and Beyond 2024

Higgs sector

Vh =µ
2
1Tr(φ

†
φ) + µ

2
2

[
Tr(φ

†
φ̃) + Tr(φφ̃

†
)
]

+ λ1

[
Tr(φ

†
φ)
]2

+ λ2

[(
Tr(φ

†
φ̃)
)2

+
(
Tr(φφ̃

†
)
)2]

+ λ3Tr(φ
†
φ̃)Tr(φφ̃

†
) + λ4Tr(φ

†
φ)
[
Tr(φ

†
φ̃) + Tr(φφ̃

†
)
]

+ µ
2
3

(
χ
†
R
χR

)
+ λ5

(
χ
†
R
χR

)2
+ α1Tr(φ

†
φ)
(
χ
†
R
χR

)
+ α2(χ

†
R
φ
†
φχR) + α3(χ

†
R
φ̃
†
φ̃χR) + α4

[
(χ
†
R
φ
†
φ̃χR) + H.c.

]
. (22)

φ
±
1
φ±2
χ±
R

 =C
T
h±

G
±
1

G±2
H±

 , CTh± =

 sβsξ cβ cξsβ
cβsξ −sβ cβcξ
cξ 0 −sξ

 , m
2
H± = α32

(
c2βv

2
+ v

2
R/(2c2β)

)
.

a1a2
aR

 =Ca

G0
1

G0
2

A0

 , Ca =

 0 −sβ cβ
0 cβ sβ
1 0 0

 , m
2
A = 2v

2
(λ3 − 2λ2) +

v2R(α3 − α2)

2c2β

C1M
2
HC

T
1 =M2

H,0, C1 =

 sβ cβ 0
cβ −sβ 0
0 0 1

 ,
(r1, r

T
2 , rR)

T
= C

T
1 (h, h1, h2)

T
(23)
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LFV Couplings

L``H =

[
−
h

2v
ni

[
λijPL + λ

∗
ijPR

]
nj −

(
1 +

h

v

)
eRM

`
eL + h.c.

]

−
9∑
i=1

ni

{[
U
ν∗
ai

(
y
L†
sβ − ỹ

L†
cβ

)
ab
cξ + U

ν∗
(a+6)iy

s†
ab
sξ

]
PR

+ U
ν
(a+3)i

(
y
L
cβ − ỹ

L
sβ

)
ab
cξPL

}
ebH

+
+ h.c. + . . . , (24)

L``V =− eAµeaγµea

+

 g2√
2
W

+µ
9∑
i=1

niγ
µ
(
cθU

ν∗
ai PL + sθU

ν
(a+3)iPR

)
ea + h.c.


+

 g2√
2
W
′+µ

9∑
i=1

niγ
µ
(
−sθU

ν∗
ai PL + cθU

ν
(a+3)iPR

)
ea + h.c.


+ eZ

µ
ea

[(
cζt

SM
L −

sζsW

2cϕc
2
W

)
PL +

(
cζt

SM
R +

sζ(c2ϕc
2
W − s

2
W )

2sW cϕc
2
W

)
PR

]
ea

+
e

2
Z
µ

2∑
i,j=1

ni

[
g
L
ZijPL − g

L
ZjiPR

]
nj + . . . , (25)
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LFV Couplings

λij = λji =
3∑
c=1

(
mniU

ν∗
ci U

ν
cj +mnjU

ν∗
cj U

ν
ci

)
→ g

R∗
hij = g

L
hij =

gδhee

2mW
λij ,

g
L
Zij =

3∑
c=1

Uν∗ci Uνcj
(

cζ

2cW sW
−

sζsW

2cϕc
2
W

)
+ U

ν∗
(c+3)iU

ν
(c+3)j

sζ

(
c2ϕc

2
W + s2W

)
2cϕc

2
W
sW

 , (26)

g
L
aiH+ =

√
2cξ

vc2β

3∑
c=1

[
U
ν
(c+3)i

(
M̂` −mDs2β

)
ca

]
,

g
R
aiH+ =

√
2cξ

vc2β

3∑
c=1

[
U
ν∗
ci

(
M̂`†

s2β −m
†
D

)
ca

+ U
ν∗
(c+6)i(M̂R)cat

2
ξ

]
,

g
L
aiW =

g2√
2
cθU

ν∗
ai , g

R
aiW =

g2√
2
sθU

ν
(a+3)i,

g
L
aiW ′ =−

g2√
2
sθU

ν∗
ai , g

R
aiW ′ =

g2√
2
cθU

ν
(a+3)i, (27)
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Feynman rules

Vertex Coupling: Vertex Coupling

ghW+W− gmW (1− s2βs2θ)δ−1hee ghW ′+W ′− gmW (s2βs2θ + 1)δ−1hee
ghW+W ′− gmW s2β

(
s2θ − c2θ

)
δ−1hee

gW+H−h
g
2cξsθ

(
c2β − s2β

)
gW ′+H−h

g
2cθcξ

(
c2β − s2β

)
Vertex Coupling

gZH+H− − cζ(s
2
ξ+2s2W−1)
2sW cW

+
sζ((s2ξ+2)s2W−1)
2sW cW

√
1−2s2W

gH−W+Z
c2βcξmW sθ
sW cW

(
cζ − sζs

2
W√

1−2s2W

)
gH−W ′+Z

c2βcθcξmW
sW cW

(
cζ − sζs

2
W√

1−2s2W

)
gZW+W−

cζc
2
θ

tW
− s2θ

(
cζtW + sζ

√
1− t2W /sW

)
gZW ′+W ′− cζs

2
θt
−1
W − c2θ

(
cζtW + sζ

√
1− t2W /sW

)
gZW ′+W− , gZW+W ′− −cθsθ

(
cζ

sW cW
+ sζ

√
1− t2W /sW

)
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One-loop form factors for LFVh decay rates

∆
(1+2+7+8)
L,R =

9∑
i=1

[
∆iWW
L,R + ∆iW ′W ′

L,R + ∆iWW ′
L,R + ∆iW ′W

L,R + ∆iW
L,R + ∆iW ′

L,R

]
+

9∑
i,j=1

[
∆Wij
L,R + ∆W ′ij

L,R

]
,

∆
(5+6+9+10)
L,R =

9∑
i=1

[
∆iH+H+

L,R + ∆iH+

L,R

]
+

9∑
i,j=1

∆H+ij
L,R ,

∆
(3+4)
L,R =

9∑
i=1

(
∆iH+W
L,R + ∆iWH+

L,R + ∆iH+W ′
L,R + ∆iW ′H+

L,R

)
. (28)
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One-loop form factors for LFVZ decay rates

āL,R = ā
(1+2+7+8)
L,R + ā

(5+6+9+10)
L,R + ā

(3+4)
L,R ,

b̄L,R = b̄
(1+2+7+8)
L,R + b̄

(5+6+9+10)
L,R + b̄

(3+4)
L,R ,

ā
(1+2+7+8)
L,R =

9∑
i=1

[
āiWW
L,R + āiW

′W ′
L,R + āiWW ′

L,R + āiW
′W

L,R + āiWL,R + āiW
′

L,R

]
+

9∑
i,j=1

[
āWij
L,R + āW

′ij
L,R

]
,

b̄
(1+2+7+8)
L,R =

9∑
i=1

[
b̄iWW
L,R + b̄iW

′W ′
L,R + b̄iWW ′

L,R + b̄iW
′W

L,R + b̄iWL,R + b̄FW
′

L,R

]
+

9∑
i,j=1

[
b̄Wij
L,R + b̄W

′ij
L,R

]
, (29)
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One-loop form factors for LFVZ decay rates

ā
(5+6+9+10)
L,R =

9∑
i=1

[
āiH

+H−
L,R + āiH

+

L,R

]
+

9∑
i,j=1

āH
+ij

L,R ,

b̄
(5+6+9+10)
L,R =

9∑
i=1

[
b̄iH

+H+

L,R + b̄iH
+

L,R

]
+

9∑
i,j=1

b̄H
+ij

L,R , (30)

ā
(3+4)
L,R =

9∑
i=1

(
āiH

+W
L,R + āiWH+

L,R + āiH
+W ′

L,R + āiW
′H+

L,R

)
,

b̄
(3+4)
L,R =

9∑
i=1

(
b̄iH

+W
L,R + b̄iWH+

L,R + b̄iH
+W ′

L,R + b̄iW
′H+

L,R

)
, (31)
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Setup parameters

The unknown parameters of the LRIS model will be scanned in the following ranges:

vR ∈ [10, 100] [TeV]; mH± ∈ [0.3, 5] [TeV]; M1,2,3 ∈ [0.1, 10] [TeV];

mn1 ∈ [10−3, 0.035] [eV]; tβ ∈ [0.02, 0.8]; x0 ∈ [10−6, 5× 10−4]; (µ̂s)11,33 ∈ [0.2, 50],

(32)

∆aNP
µ ≡ aexp

µ − aSM
µ = (2.49± 0.48)× 10−9
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∆aµ vs LFV decays rates
∘ Br(μ→eγ) ⨯ Br(τ→eγ) + Br(τ→μγ)
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Two black lines show the upper bounds of LFV decay rates for cLFV (τ → µγ,

µ→ eγ), LFVh (h→ τµ, µe), and LFVZ (Z → τµ, µe), respectively
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Numerical results

Br(τ → eγ) ≤ 9× 10−13,

Br(h→ τe) ≤ 1.77× 10−7,

Br(h→ µe) ≤ 1.3× 10−5,

Br(Z → µ+e−) ≤ 2.8× 10−12,

Br(Z → τ+e−) ≤ 1.1× 10−11,

Br(Z → τ+µ−) ≤ 3.8× 10−7. (33)
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The 3-3-1 model with ISS neutrinos (331ISS)

Based on the gauge group: SU(3)C ⊗ SU(3)L ⊗ U(1)X [ 2404.05524, PRD].

L′aL =
(
e′a −ν′a E′a

)T
L
∼
(

3∗ ,−1

2
+

β

2
√

3

)
, a = 1, 2, 3,

e′aR ∼ (1 ,−1) , νIR, XIR ∼ ( 1 , 0) , E′aR ∼

(
1 ,−1

2
+

√
3β

2

)
,

χ =
(
χA χB χ0

)T ∼ (3 ,
β√
3

)
, ρ =

(
ρ+ ρ0 ρ−B

)T ∼ (3 ,
1

2
− β

2
√

3

)
,

η =
(
η0 η− η−A

)T ∼ (3 ,−1

2
− β

2
√

3

)
, h+ ∼ (1, 1, 1). (34)

vev: 〈χ0〉 = v3√
2
, 〈ρ0〉 = v2√

2
, 〈η0〉 = v1√

2
.

− Lyuk
lepton =e′RY

eηTL′L + E′RY
EχTL′L + νRY

νρTL′L

+ νRMR(XR)c +
1

2
XRµX(XR)c + (XR)cY he′Rh

+ + h.c., (35)
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Feynman rules

Vertex Coupling

nieaH
+
k − ig√

2mW

(
λL,kia PL + λR,kia PR

)
eaniH

−
k − ig√

2mW

(
λR,k∗ia PL + λL,k∗ia PR

)
EceaH

+A −ig(V E†
L

UeL)ca√
2mY

(
mEct13PL + ma

t13
PR
)

eaEcH
−A −ig(V E†

L
UeL)∗ca√

2mY

(
ma
t13
PL +mEct13PR

)
nieaW

+µ ig√
2
(Uν†0 UeL)iaγµPL

eaniW
−µ ig√

2
(Uν†0 UeL)∗iaγµPL

EceaY
+Aµ ig(V

E†
L

UeL)ca√
2

γµPL

eaEcY
−Aµ ig(V

E†
L

UeL)∗ca√
2

γµPL

AλW+µW−ν −ieΓλµν(p0, p+, p−)

AλY +AµY −Aν −ieAΓλµν(p0, p+, p−)

AµH+
k H

−
k ie(p+ − p−)µ

AµH+AH−A ieA(p+ − p−)µ
Aµeaea, AµEaEa −ieγµ, ieBγµ
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Numerical results for 4 ISS neutrinos

∘ Br(μ→eγ) + Br(τ→eγ) - Br(τ→μγ)
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∘ Br(Z→μ+e-) + Br(Z→τ+e-) - Br(Z→τ+μ-)
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∘ Br(h→μe) + Br(h→τe) - Br(h→τμ)
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Numerical results for 6 ISS neutrinos

∘ Br(μ→eγ) + Br(τ→eγ) - Br(τ→μγ)
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Conclusions

1 We completely introduce two classes of general master formulas
expressing one-loop contributions to the LFVh and LFVZ decay
amplitudes in the BSMs. The calculations were performed in the unitary
gauge, independent of the couplings of nonphysical states such as
Goldstone bosons.

2 The 3-3-1 and LRIS models with LFV sources coming only from the
couplings of active and ISS neutrinos predict strong correlations between
(g − 2)ea anomalies and LFV decay rates. However, there still exist
allowed regions of the parameter space satisfying all of these
experimental constraints.

Thank you for listening!
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