
ar
X

iv
:2

40
9.

16
62

8v
1 

 [
he

p-
ph

] 
 2

5 
Se

p 
20

24

Lepton-flavor violation in the left-right supersymmetric standard

model

Yong-Kang Huang1∗, Jin-Lei Yang2,3†, Sheng-Kai Cui1, Tai-Fu Feng1,2,3,4‡

1Department of Physics, Guangxi University, Nanning, 530004, China

2Department of Physics, Hebei University, Baoding, 071002, China

3Key Laboratory of High-precision Computation and Application of

Quantum Field Theory of Hebei Province, Baoding, 071002, China

4Department of Physics, Chongqing University, Chongqing 401331, China

Abstract

In the Standard Model (SM), the charged lepton-flavor violation (CLFV) processes are forbidden,

so the observation of CLFV represents a clear signal of new physics that goes beyond the Standard

Model. In this work, we focus on the CLFV processes l−j → l−i γ and l−j → l−i l
−
i l

+
i in LRSSM.

Considering the constraints of the updated experimental datas, the numerical results show that

the new contributions of SU(2)R gauge interaction and a large number of other new particles, such

as Z
′

boson, double-charged Higgs-bosons in LRSSM can make significant contributions to the

CLFV processes l−j → l−i γ and l−j → l−i l
−
i l

+
i , which is much different from the ones predicted in

other SUSY models. This work provide a theoretical base for finding the LFV phenomena in new

physics.
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I. INTRODUCTION

Lepton-flavor violation (LFV) is currently a prominent physical phenomenon that has

undergone extensive theoretical and experimental investigation. Experimental observations,

particularly in neutrino oscillations, indicate the existence of LFV. However, within the Stan-

dard Model (SM), lepton number conservation and strictly zero neutrino masses contradict

these oscillation phenomena, highlighting the imperfections of the SM theory. Consequently,

there is a necessity to expand beyond the SM framework. Various new physical theories be-

yond the SM allow for the possibility of LFV, making it a crucial tool for testing these

theories. Recent experimental observations have established upper limits for the branching

ratios of several physical processes, as detailed in TABLE I.

If the lepton-flavor violation phenomenon is observed in the future, it will provide strong

support for new physics beyond the SM. Among the various possibilities for expanding the

SM with new physics, the supersymmetry (SUSY) theory is a popular and promising direc-

tion. One particular supersymmetric model called the Left-Right Supersymmetric Standard

Model (LRSSM) has garnered significant attention due to its numerous advantages and

favorable properties. Left-right supersymmetric models have been explored before [1–4].

While the LFV phenomenon has been extensively studied in other SUSY models, its ex-

ploration in the LRSSM remains limited [5, 6]. In this study, we aimed to investigate the

LFV phenomenon in the LRSSM by analysing and calculating processes l−j → l−i γ and

l−j → l−i l
−
i l

+
i . We further conducted a comprehensive numerical analysis to compare our

results with those of the Minimal Supersymmetric Standard Model (MSSM).

In LRSSM, the SU(2)R gauge interaction provides additional vertices and makes addi-

tional contributions to the branching ratios of l−j → l−i γ and l−j → l−i l
−
i l

+
i processes. The

large number of Higgs bidoublets and triplets, double-charged Higgs-bosons in LRSSM all

contribute to l−j → l−i γ and l−j → l−i l
−
i l

+
i processes, which is quiet different from the case

in other models (e.g., the tree-level contribution of l−j → l−i l
−
i l

+
i processes). The paper is

organized as follows: Part II provides an explanation of the basic theoretical structure of

the LRSSM, including the mass matrix and necessary theoretical derivations. In Part III,

we conduct a detailed analysis of the process of calculating l−j → l−i γ and l−j → l−i l
−
i l

+
i , and
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LFV process Present limit Future sensitivity

µ → eγ < 4.2× 10−13 ∼ 6× 10−14 [7]

µ → 3e < 1× 10−12 [8] ∼ 10−16 [9]

τ → eγ < 3.3× 10−8 [10] ∼ 10−8 − 10−9 [11]

τ → 3e < 2.7× 10−8 [12] ∼ 10−9 − 10−10

τ → µγ < 4.2× 10−8 ∼ 10−8 − 10−9

τ → 3µ < 2.1× 10−8 ∼ 10−9 − 10−10

TABLE I: The upper limit of the branching ratio that is expected to be achieved by the LFV

process measurement experiment at present and in the future.

derive formulas for branching ratios. Part IV presents a numerical analysis of the two pro-

cesses, where we select parameters and create graphs illustrating the changes in branching

ratios with relevant sensitive parameters. Finally, in Part V, we summarize our work and

draw conclusions.

II. THE LRSSM

The gauge group of LRSSM is SU(3)C ⊗SU(2)L⊗SU(2)R⊗U(1)B−L. Among the many

types of SUSY models, LRSSM is a relatively large supersymmetric model. On the one

hand, it has an additional RH interaction gauge group SU(2)R , so it will have additional

W±,0
R gauge bosons. At the same time, the model also has a U(1)B−L gauge group, which

generates additional Z ′ boson after the gauge symmetry is broken. On the other hand, a

large number of Higgs-bosons are introduced into LRSSM, including bidoublets, triplets, and

the singlet Higgs-boson. Although the LRSSM model is somewhat large, at the same time its

advantages are obvious. For example, it can naturally solve the neutrino mass problem and

the parity violation problem. At the same time, it disallows explicit R-parity violation, and

it can provide a solution to the problem of strong and weak CP violation without introducing

the axion[13]. In addition, left-right symmetry is also beneficial for many extra-dimensional

models and gauge unification schemes (such as SO(10)). In conclusion, LRSSM is indeed a

very attractive solution for solving the current problems in particle physics and cosmology
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[14].

The lepton and quark superfields of the LRSSM model we use are as follows

Q̂i =


 ûi

d̂i


 = (3, 2, 1, 1/6), Q̂c

i =


 ûc

i

d̂ci


 = (3̄, 1, 2̄,−1/6),

L̂i =


 ν̂i

êi


 = (1, 2, 1,−1/2), L̂c

i =


 ν̂c

i

êci


 = (1, 1, 2̄, 1/2), (1)

where i is the generation indicator, and at the same time the color indicators are hided. The

Higss part of the model is [15],[16]

Φ1 =


H+

1 H ′0
1

H0
1 H−

1


 = (1, 2, 2̄, 0), Φ2 =


H+

2 H0
2

H ′0
2 H−

2


 = (1, 2, 2̄, 0),

∆̄ =




δ−
1L√
2

δ01L

δ−−
1L − δ−

1L√
2


 = (1, 3, 1,−1), ∆ =




δ+
2L√
2

δ++
2L

δ02L − δ+
2L√
2


 = (1, 3, 1, 1)

∆c =




δ−
1R√
2

δ01R

δ−−
1R − δ−

1R√
2


 = (1, 1, 3,−1), ∆̄c =




δ+
2R√
2

δ++
2R

δ02R − δ+
2R√
2


 = (1, 1, 3, 1)

S = (1, 1, 1, 0). (2)

The superpotential of the model is [17]

W = ξF Ŝ − µ4Φ̂1Φ̂1 − µ5Φ̂2Φ̂2 − YL3L̂∆̂L̂− YL4L̂
c∆̂cL̂c + YL1L̂

cL̂Φ̂1 + YL2L̂
cL̂Φ̂2

+ YQ1Q̂
cQ̂Φ̂1 + YQ2Q̂

cQ̂Φ̂2 + λRŜ∆̂
c∆̂

c

+ λLŜ∆̂∆̂− λ3ŜΦ̂1Φ̂2 +
1

3
λSŜŜŜ, (3)

for the sake of brevity, we have hidden all the indicators in it. In LRSSM, the Yukawa

coupling matrices need to meet certain conditions, and the left-right symmetry requires

YL1,2, YQ1,2 and YL3,4 symmetric [18, 19].

The soft breaking terms of the model as follows, the part corresponding to the superpo-
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tential is

− LSB,W = 2H−
1 H

+
1 Bµ4

− 2H0
1H

′0
1 Bµ4

+ 2H−
2 H

+
2 Bµ5

− 2H0
2H

′0
2 Bµ5

+ SLξF −H0
1H

0
2STλ3

+H+
1 H

−
2 STλ3

+H−
1 H

+
2 STλ3

−H
′0
1 H

′0
2 STλ3

+ δ01Lδ
0
2LSTλL

+ δ−1Lδ
+
2LSTλL

+ δ−−
1L δ++

2L STλL

+ δ01Rδ
0
2RSTλR

+ δ−1Rδ
+
2RSTλR

+ δ−−
1R δ++

2R STλR
+

1

3
S3TλS

+H0
1 ẽ

c*
i ẽjTL1ij −H+

1 ν̃
c*
i ẽjTL1ij

−H−
1 ẽ

c*
i ν̃jTL1ij +H

′0
1 ν̃

c*
i ν̃jTL1ij +H

′0
2 ẽ

c*
i ẽjTL2ij −H+

2 ν̃
c*
i ẽjTL2ij −H−

2 ẽ
c*
i ν̃jTL2ij

+H0
2 ν̃

c*
i ν̃jTL2ij + δ++

2L ẽiẽkTL3ik +
1√
2
δ+2Lẽkν̃iTL3ik +

1√
2
δ+2Lẽiν̃kTL3ik − δ02Lν̃iν̃kTL3ik

− δ−−
1R ẽc*i ẽ

c*
k TL4ik −

1√
2
δ−1Rẽ

c*
k ν̃c*

i TL4ik −
1√
2
δ−1Rẽ

c*
i ν̃

c*
k TL4ik + δ01Rν̃

c*
i ν̃c*

k TL4ik

+H0
1 d̃

c*
iαδαβ d̃jβTQ1ij −H+

1 ũ
c*
iαδαβd̃jβTQ1ij −H−

1 d̃
c*
iαδαβũjβTQ1ij +H

′0
1 ũ

c*
iαδαβ ũjβTQ1ij

+H
′0
2 d̃

c*
iαδαβ d̃jβTQ2ij −H+

2 ũ
c*
iαδαβ d̃jβTQ2ij −H−

2 d̃
c*
iαδαβ ũjβTQ2ij +H0

2 ũ
c*
iαδαβ ũjβTQ2ij

+ h.c.. (4)

The mass terms related to scalar fields and gauginos are

− LSB,φ = m2
∆̄

∣∣δ01L
∣∣2 +m2

∆̄

∣∣δ−1L
∣∣2 +m2

∆̄

∣∣δ−−
1L

∣∣2 +m2
∆c

∣∣δ01R
∣∣2 +m2

∆c

∣∣δ−1R
∣∣2 +m2

∆c

∣∣δ−−
1R

∣∣2

+m2
∆

∣∣δ02L
∣∣2 +m2

∆

∣∣δ+2L
∣∣2 +m2

∆

∣∣δ++
2L

∣∣2 +m2
∆̄c

∣∣δ02R
∣∣2 +m2

∆̄c

∣∣δ+2R
∣∣2 +m2

∆̄c

∣∣δ++
2R

∣∣2

+m2
Φ1

∣∣H0
1

∣∣2 +m2
Φ1

∣∣H−
1

∣∣2 +m2
Φ1

∣∣H+
1

∣∣2 +m2
Φ1

∣∣∣H ′0
1

∣∣∣
2

+m2
Φ2

∣∣H0
2

∣∣2

+m2
Φ2

∣∣H−
2

∣∣2 +m2
Φ2

∣∣H+
2

∣∣2 +m2
Φ2

∣∣∣H ′0
2

∣∣∣
2

+m2
S|S|2 +m2

Φ1Φ2
H

′0
2 H

0*
1

+m2
Φ1Φ2

H−
2 H

−*
1 +m2

Φ1Φ2
H+

2 H
+*
1 +m2

Φ1Φ2
H0

2H
′0*
1 +m2

Φ1Φ2
H

′0
1 H

0*
2

+m2
Φ1Φ2

H−
1 H

−*
2 +m2

Φ1Φ2
H+

1 H
+*
2 +m2

Φ1Φ2
H0

1H
′0*
2 + d̃*iαδαβm

2
Qijd̃jβ

+ d̃c*jβδαβm
2
Qcij d̃

c
iα + ẽ*im

2
Lij ẽj + ẽc*j m

2
Lcij ẽ

c
i + ũ*

iαδαβm
2
Qij ũjβ

+ ũc*
jβδαβm

2
Qcijũ

c
iα + ν̃*

i m
2
L,ij ν̃j + ν̃c*

j m2
Lcij ν̃

c
i , (5)

− LSB,λ =
1

2

(
M1

˜̂
B

2

+M2LδijW̃
i
LW̃

j
L +M2RδijW̃

i
RW̃

j
R +M3δabg̃

ag̃b + h.c.

)
. (6)
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At the time of the electroweak symmetry break, the Higgs fields acquires VEVs as [20],[21]

〈S〉 = vS√
2
eiαS , 〈Φ1〉 =


 0

v
′

1√
2
eiα1

v1√
2

0


 , 〈Φ2〉 =


 0 v2√

2
v
′

2√
2
eiα2 0


 ,

〈∆c〉 =


0 v1R√

2

0 0


 ,

〈
∆̄c
〉
=


 0 0

v2R√
2

0


 ,

〈
∆̄
〉
=


0 v1L√

2

0 0


 , 〈∆〉 =


 0 0

v2L√
2

0


 . (7)

Although there are many VEVs in Higgs-bosons, the relevant analysis will be greatly simpli-

fied after adopting the hierarchy of VEVs. So here we take the hierarchy vS ≫ v1R, v2R ≫
v1, v2 ≫ v

′

1 = v
′

2 = v1L = v2L ≈ 0 of VEVs, the VEVs of v
′

1, v
′

2, v1L, v2L can be approximated

as 0. Moreover, the phases of VEVs satisfy: α1, α2, αS ≈ 0. Then we have the VEVs that

are simplified, and the neutral sector of the Higgs fields can be written as

S= 1√
2
φS + 1√

2
vS + i 1√

2
σS,

H0
1 =

1√
2
φH0

1
+

1√
2
v1 + i

1√
2
σH0

1
, H0

2 =
1√
2
φH0

2
+

1√
2
v2 + i

1√
2
σH0

2
,

δ01R =
1√
2
φδ0

1R
+

1√
2
v1R + i

1√
2
σδ0

1R
, δ02R =

1√
2
φδ0

2R
+

1√
2
v2R + i

1√
2
σδ0

2R
,

H
′0
1 =

1√
2
φ
H

′0
1
+ i

1√
2
σ
H

′0
1
, H

′0
2 =

1√
2
φ
H

′0
2
+ i

1√
2
σ
H

′0
2
,

δ01L =
1√
2
φδ0

1L
+ i

1√
2
σδ0

1L
, δ02L =

1√
2
φδ0

2L
+ i

1√
2
σδ0

2L
. (8)

There are additional unique W k
Rµ gauge fields in the LRSSM, which become W±

Rµ and

participate in the generation of Z
′

µ after the symmetry is broken. At the same time, the

model also has an extended U(1)B−L gauge field, i.e. B̂µ. The gauge fields of the model are

SU(3)c → V3 = (8, 1, 1,0) ≡
(
g̃a, gaµ

)
,

SU(2)L → V2L = (1, 3, 1, 0) ≡
(
W̃ k

L,W
k
Lµ

)
,

SU(2)R → V2R = (1, 1, 3, 0) ≡
(
W̃ k

R,W
k
Rµ

)
,

U(1)B−L → V1 = (1, 1, 1, 0) ≡
(
˜̂
B, B̂µ

)
. (9)

Unlike other models, the symmetry breaking process of LRSSM is more complex. First,

the supersymmetry is broken, then the parity break, which leads to gL 6= gR. After that, the

6



gauge group SU(2)L⊗SU(2)R⊗U(1)B−L , breaks to the SU(2)L⊗U(1)Y of the electroweak

theory. Finally, the SU(2)L ⊗ U(1)Y break to the U(1)em of QED. The mixing of the latter

two breaking processes and the gauge fields are shown below

1. SU(2)L ⊗ SU(2)R ⊗ U(1)B−L → SU(2)L ⊗ U(1)Y

W 1,2
Rµ → W±

Rµ, B̂µ,W
0
Rµ → Bµ, Z

′

µ

2. SU(2)L ⊗ U(1)Y → U(1)em

W 1,2
Lµ → W±

Lµ, Bµ,W
0
Lµ → Aµ, Zµ

Then the mass matrix of the neutral gauge fields is

M2
V 0 =




1
4
g2L
(
4v2L + v2 + v

′2
)

−1
4
gLgR

(
v2 + v

′2
)

−gBLgLv
2
L

−1
4
gLgR

(
v2 + v

′2
)

1
4
g2R
(
4v2R + v2 + v

′2
)

−gBLgRv
2
R

−ĝgLv
2
L −gBLgRv

2
R g2BL (v

2
L + v2R)


 (10)

the mass matrix of the charged gauge fields is

M2
V ± =




1
4
g2L
(
2v2L + v2 + v

′2
)

−1
2
gLgR(vv

′)∗

−1
2
gLgR (vv′) 1

4
g2R
(
2v2R + v2 + v

′2
)


 (11)

where

v2L = v21L + v22L, v2R = v21R + v22R,

v2 = v21 + v22, v
′2 = v

′2
1 + v

′2
2 , vv′ = v1v

′

1e
iα1 + v2v

′

2e
iα2 . (12)

Under the hierarchical conditions of the VEVs, these matrices can be simplified, we can

obtain the parameterized hybrid form of the neutral gauge fields [22]




Zµ

Aµ

Z
′

µ


 =




cosθW −sinθW sinφ −sinθW cosφ

sinθW cosθW sinφ cosθW cosφ

0 cosφ −sinφ







W 3
Lµ

W 3
Rµ

B̂µ




=




e
gY

− egY
gLgR

− egY
gLgBL

e
gL

e
gR

e
gBL

0 gY
gBL

−gY
gR







W 3
Lµ

W 3
Rµ

B̂µ




(13)

7



Then we can easily obtain the masses of the gauge fields

m2
Z =

1

4

[
g2L + sin2φg2R

]
v2 =

g2L
4cos2θW

v2, m2
Z′ = v2R

(
g2BL + g2R

)
=

g2R
cos2φ

v2R

m2
W =

g2L
4
v2m2

W ′ =
1

2
g2Rv

2
R. (14)

The angle of rotation can be expressed as

cosφ =
gR√

g2R + g2BL

, sinφ =
gBL√

g2R + g2BL

,

cos θW =
gL√

g2Rsin
2φ+ g2L

, sin θW =
gRsinφ√

g2Rsin
2φ+ g2L

, (15)

these expressions will reduce the parameter space of the model. Further, we can select

gL = gR, and then

cos θW =
mW

mZ

, e =
√
4πα, gR = gL =

e

sin θW
, gBL =

e√
cos2θW

, v =
2cosθWmZ

gL
. (16)

The Higgs part of the model is complex, and here we will perform a simple analysis of

the neutral Higgs scalar mass matrices, which is essential for studying the mass of SM-like

Higgs-boson. The Higgs-boson mass in the standard model is mh = 125.25± 0.17 GeV. In

the model, the mass matrices of the neutral Higgs scalar are divided into three parts, and

their bases are
(
φH0

1
, φH0

2
, φδ0

1R
, φδ0

2R
, φS

)
,
(
φ
H

′0
1
, φ

H
′0
2

)
, and

(
φδ0

1L
, φδ0

2L

)
, the most important

of which is the matrix based on the first set of scalar fields, which is [23]

m2
H =




mφ
H0

1
φ
H0

1

mφ
H0

2
φ
H0

1

mφ
δ0
1R

φ
H0

1

mφ
δ0
2R

φ
H0

1

mφSφH0
1

mφ
H0

1
φ
H0

2

mφ
H0

2
φ
H0

2

mφ
δ0
1R

φ
H0

2

mφ
δ0
2R

φ
H0

2

mφSφH0
2

mφ
H0

1
φ
δ0
1R

mφ
H0

2
φ
δ0
1R

mφ
δ0
1R

φ
δ0
1R

mφ
δ0
2R

φ
δ0
1R

mφSφδ0
1R

mφ
H0

1
φ
δ0
2R

mφ
H0

2
φ
δ0
2R

mφ
δ0
1R

φ
δ0
2R

mφ
δ0
2R

φ
δ0
2R

mφSφδ0
2R

mφ
H0

1
φS

mφ
H0

2
φS

mφ
δ0
1R

φS
mφ

δ0
2R

φS
mφSφS




, (17)

where the matrix elements are in Appendix. The mass matrices of the model can be obtained

from SARAH [24],[25].

Regarding the mass problem of the SM-like Higgs-boson, the tree mass should satisfy the

inequality as follows after considering the radiative corrections under the gL = gR condition
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[26, 27]

mtree
h ≤

√
2mW ≃ 113.7GeV. (18)

The total mass can be easily increased to around 125 GeV with radiative corrections.

The sleptons are very important in our study, theirs mass matrix is given, which is present

in base (ẽ, ẽc)

m2
ẽ =


 mẽẽ∗ m†

ẽcẽ∗

−1
2
λ3v2vSYL1 +

1√
2
(−2v2YL2µ

∗
5 + v1TL1) mẽcẽc∗


 , (19)

where mẽẽ∗ , mẽcẽc∗ are 3×3 matrices, which can be written as

mẽẽ∗= 1
2
v21Y

†
L1YL1 +

1
8
1 [2g2BL (−v22R + v21R) + g2L (−v21 + v22)] +m2

L1,

mẽcẽc∗ =
1

2
v21YL1Y

†
L1 +

1

8
1
[
2g2BL

(
−v21R + v22R

)
+ g2R

(
2v21R − 2v22R − v21 + v22

)]
+m2

Lc1. (20)

III. LFV IN THE LRSSM

In this part, we analyze and calculate the LFV processes l−j → l−i γ and l−j → l−i l
−
i l

+
i .

Both of the two processes are calculated to the one-loop scale, and in the l−j → l−i l
−
i l

+
i

process, there are also tree-level contributions.

A. Rare decay l−j → l−i γ

First, let’s consider the Feynman diagrams of the l−j → l−i γ process as shown in the FIG.

1 [28],[29], and the off-shell invariant amplitude they contribute can be written as [30]

9



lj(p) li(p+ q)

F n
k

Sc
l Sc

l

γ(q)

lj(p) li(p+ q)

Sn
l

F c
kF c

k

γ(q)

(a) (b)

FIG. 1: One-loop Feynman diagrams of the l−j → l−i γ process, where Fn
k and Sc

l in (a) represent

neutral fermions and charged scalar particles respectively. F c
k and Sn

l in (b) represent charged

fermions and neutral scalar or pseudoscalar particles respectively.

T = eǫµūi (p+ q)
[
q2γµ

(
AL

1PL + AR
1 PR

)
+mlj iσµνq

ν
(
AL

2PL + AR
2 PR

)]
uj (p) , (21)

where p, q are the four-dimensional momentums of l−j , γ , ǫµ is the photon polarization vector,

and PL, PR are the chiral projection operators. AL
1 , A

R
1 , A

L
2 , A

R
2 can be written as

AL,R
2 = A

(a)L,R
2 + A

(b)L,R
2 ,

AL,R
1 = A

(a)L,R
1 + A

(b)L,R
1 , (22)

the specific expressions of A
(a)L,R
1,2 , A

(b)L,R
1,2 are in Appendix. Then we can get the decay width

of the l−j → l−i γ process as

Γ
(
l−j → l−i γ

)
=

e2

16π
m5

lj

(∣∣AL
2

∣∣2 +
∣∣AR

2

∣∣2
)
. (23)

Hence the branching ratio is

Br
(
l−j → l−i γ

)
=

Γ
(
l−j → l−i γ

)

Γl−j

, (24)

where Γl−j
is the total decay width of the lepton l−j . We use Γµ ≈ 2.996 × 10−19 GeV,

Γτ ≈ 2.265× 10−12 GeV here [31].
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B. Rare decay l−j → l−i l
−
i l

+
i

For the l−j → l−i l
−
i l

+
i process, the leading order contributions in the LRSSM come from

the tree-level diagrams mediated by the double-charged Higgs-bosons which are shown in

FIG. 2.

FIG. 2: The tree-level diagrams of l−j → l−i l
−
i l

+
i , where δc−−

Lk ,δc−−
k are the double-charged Higgs-

bosons in the LRSSM.

The amplitude contributed from FIG. 2 is

T = CL

liljδ
c−−

Lk

∗CR

l̄i l̄iδ
c−−

Lk

i

(p− p1)
2 −m2

Lk

ūi (p1)PLuj (p) ūi (p3)PRvi (p2) +

CR

liljδ
c−−

k

∗CL

l̄i l̄iδ
c−−

k

i

(p− p1)
2 −m2

k

ūi (p1)PRuj (p) ūi (p3)PLvi (p2) , (25)

where mLk,mk are the masses of the double-charged Higgs-bosons, the specific expressions

of CL,R are collected in the Appendix.

Next, let’s take a look at the penguin-type diagrams as shown in FIG. 3. The invariant

amplitude given by the penguin-type diagrams of γ type is

11



lj(p) li(p1)

li(p2) li(p3)

γ,N

FIG. 3: The penguin-type diagrams of the l−j → l−i l
−
i l

+
i process, where N represents Z,Z ′ bosons,

and the black dot represents the l−j l
−
i γ vertex or l−j l

−
i N vertex in FIG. 1.

Tγ−penguin = ūi (p1)
[
q2γµ

(
AL

1PL + AR
1 PR

)
+mlj iσµνq

ν
(
AL

2PL + AR
2 PR

)]
uj (p)

× e2

q2
ūi (p2) γ

µνi (p3)− (p1 ↔ p2) . (26)

The amplitude given by the penguin-type diagrams of N type is

TN−penguin =
e2

m2
N

ūi (p1) γµ
(
FLPL + FRPR

)
uj (p) ūi (p2)

× γµ
(
CL

l̄iNli
PL + CR

l̄iNli
PR

)
νi (p3)− (p1 ↔ p2) . (27)

It can be seen that the extra Z
′

boson in the LRSSM can make contributions to the process

l−j → l−i l
−
i l

+
i . The specific expressions for FL,R are collected in the Appendix.

Finally, there are the box-type diagrams as shown in FIG. 4 [32]. The invariant amplitude

given by these box-type diagrams is

Tbox =
[
BL

1 e
2ūi (p1) γµPLuj (p) ūi (p2) γ

µPLνi (p3) + (L ↔ R)
]

+
{
BL

2

[
e2ūi (p1) γµPLuj (p) ūi (p2) γ

µPRνi (p3)− (p1 ↔ p2)
]
+ (L ↔ R)

}

+
{
BL

3

[
e2ūi (p1)PLuj (p) ūi (p2)PRνi (p3)− (p1 ↔ p2)

]
+ (L ↔ R)

}

+
{
BL

4

[
e2ūi (p1) σµνPLuj (p) ūi (p2) σ

µνPLνi (p3)− (p1 ↔ p2)
]
+ (L ↔ R)

}
(28)

The specific expressions for BL,R
1,2,3,4 are collected in the Appendix. In summary, the decay

12



FIG. 4: box-type diagrams of the l−j → l−i l
−
i l

+
i process, where the representation of the particles

is similar to that in FIG. 1.

width of one-loop level can be written as [33]

Γ
(
l−j → l−i l

−
i l

+
i

)
=

e4m5
lj

512π3

{(∣∣AL
2

∣∣2 +
∣∣AR

2

∣∣2
)(16

3
ln

mlj

2mli

− 14

9

)
+
(∣∣AL

1

∣∣2 +
∣∣AR

1

∣∣2
)

− 2
(
AL

1A
R∗
2 + AL

2A
R∗
1 +H.c.

)
+

1

6

(∣∣BL
1

∣∣2 +
∣∣BR

1

∣∣2
)
+

1

3

(∣∣BL
2

∣∣2 +
∣∣BR

2

∣∣2
)

+
1

24

(∣∣BL
3

∣∣2 +
∣∣BR

3

∣∣2
)
+ 6

(∣∣BL
4

∣∣2 +
∣∣BR

4

∣∣2
)
− 1

2

(
BL

3 B
L∗
4 +BR

3 B
R∗
4 +H.c.

)

+
1

3

(
AL

1B
L∗
1 + AR

1 B
R∗
1 + AL

1B
L∗
2 + AR

1 B
R∗
2 +H.c.

)
− 2

3

(
AR

2 B
L∗
1 + AL

2B
R∗
1 + AL

2B
R∗
2

+ AR
2 B

R∗
2 +H.c.

)
+

1

3

[
2
(∣∣FLL

∣∣2+
∣∣FRR

∣∣2
)
+
(∣∣FLR

∣∣2 +
∣∣FRL

∣∣2
)

+
(
BL

1 F
LL∗ +BR

1 F
RR∗ +BL

2 F
LR∗ +BR

2 F
RL∗ +H.c.

)
+ 2

(
AL

1F
LL∗ + AR

1 F
RR∗ +H.c.

)

+
(
AL

1F
LR∗ + AR

1 F
RL∗ +H.c.

)
− 4

(
AR

2 F
LL∗ + AL

2F
RR∗ +H.c.

)

−2
(
AL

2F
RL∗ + AR

2 F
LR∗ +H.c.

)] }
, (29)
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where

FLL =
∑

N=Z,Z′

FLCL
liNli

m2
N

, FRR = FLL (L ↔ R) ,

FLR =
∑

N=Z,Z′

FLCR
liNli

m2
N

, FLR = FRL (L ↔ R) . (30)

IV. NUMERICAL ANALYSES

In this part, we will perform numerical analyses of l−j → l−i γ and l−j → l−i l
−
i l

+
i pro-

cesses. Firstly, we choose the basic parameters mW=80.385 GeV, mZ=90.1876 GeV,

αem (mZ)=1/128.9, αs (mZ)=0.118, the mass of the SM-like Higgs-boson is taken as mh =

125.25±0.17 GeV. According to the constraints of the existing research work on the param-

eter space of LRSSM [34],[35], we choose λL = 0.4, λS = −0.5, TλS
= −2 TeV, λR = 0.9,

TλR
= −2 TeV, Tλ3

= 1 TeV, M3 = 3.5 TeV, ξF = −5000 GeV2, tanβ = 8, tanβR = 1.05,

vR = 7.5 TeV, vS = 10 TeV, λ3 = 0.10, M2L,R = 900 GeV, where tanβ = v2/v1,

tanβR = v2R/v1R. It is worth pointing out that the above parameters are not sensitive

to the results of the LFV processes.

To simplify the numerical analysis, we can choose the slepton mass matrices m2
L,Lc =

diag (m2
E , m

2
E , m

2
E) in the soft breaking term. As we all know, the trilinear coupling matrix

TL1 have a very drastic effect on the branching ratios of the LFV processes, so we study the

variation of branching ratios with the TL1 matrix elements of the LFV processes. TL1 can

be parameterized as

TL1 =




Ae δ12 δ13

δ12 Ae δ23

δ13 δ23 Ae


 . (31)

In order to study the variation of branching ratios in l−j → l−i γ and l−j → l−i l
−
i l

+
i processes

with relevant sensitive parameters, it is necessary to fix some parameters in TL1 and m2
L,Lc

first. We choose Ae=1 TeV, and study the variation of Br(µ → eγ), Br(µ → 3e) with

δ12 (δ13 = δ23 = 0), the variation of Br(τ → eγ), Br(τ → 3e) with δ13 (δ12 = δ23 =

14



0), the variation of Br(τ → µγ), Br(τ → 3µ) with δ23 (δ12 = δ13 = 0) under mE =

1.5 TeV, 2.5 TeV, 3.5 TeV conditions. The images made are in FIG. 5
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FIG. 5: Variation rules of Br(l−j → l−i γ) and Br(l−j → l−i l
−
i l

+
i ) with matrix elements of sensitive

parameter TL1,where red lines and green lines represent present limits and future sensitivities, the

solid, dashed, dotted lines correspond to mE = 1.5 TeV, 2.5 TeV, 3.5 TeV.

From the images, it can be seen that the branching ratios of the six decay processes
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increase with the increase of the corresponding parameters in a certain range. As shown

in Eq (19),(20), TL1 can be influenced the mass matrix of the sleptons in turn affects the

LFV process. According to present limits and future sensitivities of the decay processes, it

can be seen that these datas can give certain limitations on the relevant parameters of the

model. At the same time, the images of the six decay processes all follow mE the increase

move downwards, this is also related to the Eq (19),(20).

Analyzed in Part III.B, the tree-level contributions in the LRSSM that is specific to

the l−j → l−i l
−
i l

+
i process, and the contributions are analyzed numerically in detail here.

The invariant amplitude of the tree-level diagrams is sensitive to YL3, which is symmetrical

according to the requirements of left-right symmetry, so it is possible to parameterize YL3

here

YL3 =




0.019 δ12Y δ13Y

δ12Y 0.022 δ23Y

δ13Y δ23Y 0.1


 . (32)

Similar to the previous work, under the δ12 = δ13 = δ23 = 0 (double-charged Higgs-bosons

mass parameters m∆ = m∆̄ = 500, 600, 700 GeV) and δ12 = 0.5, 0.75, 1 GeV, δ13 = δ23 =

0.5, 0.75, 1 TeV(m∆ = m∆̄ = 1 TeV) conditions, we studied the variation of Br(µ → 3e),

Br(τ → 3e) and Br(τ → 3µ) with respect to δ12Y , δ13Y and δ23Y respectively, as shown in

FIG. 6.

As can be seen from the images on the left, the branching ratios of the three processes

increase regularly with the increase of the corresponding parameters within a certain range.

And the images move downwards as double-charged Higgs-bosons mass parameters m∆, m∆̄

increase, this shows the effect of the double-charged Higgs-boson masses on the tree-level

amplitude. The images on the right are the results of the interference between the am-

plitudes of the tree-level diagrams and the one-loop diagrams. And it can be seen that

with the increase of the YL3 matrix elements δ12Y , δ13Y , δ23Y , the three curves gradually con-

verge, which is caused by the rapid increase of the contributions of the tree-level digrams

to branching ratios. The reason of these results is that YL3 affects the values of liljδ
c−−
Lk

∗
,

l̄il̄iδ
c−−
Lk vertices, and the invariant amplitude of the tree-level diagrams is very dependent

on these vertices. From the results of the numerical analysis, we can see that due to the
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FIG. 6: Variation rules of Br(l−j → l−i γ) and Br(l−j → l−i l
−
i l

+
i ) with matrix elements of sensitive

parameter YL3, the solid, dashed, dotted lines correspond to m∆ = m∆̄ = 500, 600, 700 GeV in the

images on the left, and the dotted, dashed, solid lines correspond to δ12 = 0.5, 0.75, 1 GeV, δ13 =

δ23 = 0.5, 0.75, 1 TeV(m∆ = m∆̄ = 1 TeV) in the images on the right. The breaks of the images

on the right are the results of the interference between the amplitudes of the tree-level diagrams

and the one-loop diagrams.
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presence of double-charged Higgs-bosons, they can make important contributions to the

l−j → l−i l
−
i l

+
i process by tree-level diagrams.

V. SUMMARY

In this work, we mainly analyzed the LFV phenomena l−j → l−i γ and l−j → l−i l
−
i l

+
i in

LRSSM, the new particles can make important contributions to the LFV processes in varying

degrees compared to MSSM. In particular, the double-charged Higgs-bosons in the model

make unique tree-level contributions to the l−j → l−i l
−
i l

+
i process. In terms of numerical

analysis, within a certain range, Br(l−j → l−i γ) and Br(l−j → l−i l
−
i l

+
i ) increase with the

increase of the trilinear coupling matrix TL1 matrix elements is obtained. In the l−j → l−i l
−
i l

+
i

process that contains the tree-level diagrams, the incremental variation rules of Br(l−j →
l−i l

−
i l

+
i ) with the matrix elements of the Yukawa coupling matrix YL3 is concluded. In

addition to this, it can be seen from the images, we limited the parameter space of the model

through present limits and future sensitivities for Br(l−j → l−i γ) and Br(l−j → l−i l
−
i l

+
i ). In

LRSSM, the predictions of the branching ratios of the LFV processes are enhanced by the

new physics to an observable level, suggesting that the LFV phenomena are likely to be

observed in future high-energy physics experiments.
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Appendix A

The coefficients associated with FIG. 1 are

A
(a)L
1 =

1

6m2
W

CL
l̄iF

n
k
Sc
l
CR

F̄n
k
Sc
l
∗lj
I4
(
xFn

k
, xSc

l

)
,

A
(a)L
2 =

mFn
k

mljm
2
W

CL
l̄iF

n
k
Sc
l
CL

F̄n
k
Sc∗
l

lj

[
I3
(
xFn

k
, xSc

l

)
− I1

(
xFn

k
, xSc

l

)]
,

A
(a)R
1,2 = A

(a)L
1,2 (L ↔ R) ,

A
(b)L
1 =

1

6m2
W

CR
l̄iF

c
k
Sn
l
CL

F̄ c
k
Sn
l
lj

[
I1
(
xF c

k
, xSn

l

)
− 2I2

(
xF c

k
, xSn

l

)
− I4

(
xF c

k
, xSn

l

)]
,

A
(b)L
2 =

mF c
k

mljm
2
W

CL
l̄iF

c
k
Sn
l
CL

F̄ c
k
Sn
l
lj

[
I1
(
xF c

k
, xSn

l

)
− I2

(
xF c

k
, xSn

l

)
− I4

(
xF c

k
, xSn

l

)]
,

A
(b)R
1,2 = A

(b)L
1,2 (L ↔ R) , (A1)

where xi = m2
i /m

2
W , CL,R

abc represent the constant parts of the Feynman rules for the coupled

vertices of a, b, c particles that can be got by SARAH [36]. The functions I1,2,3,4 and the

specific expressions of the G1,2,3,4 below can be found in the references [37],[38].

The coefficients associated with the tree-level diagrams are

CL

liljδ
c−−

Lk

∗ = −i

(
3∑

b=1

Ue∗
Ljb

3∑

a=1

Ue∗
LiaYL3ab +

3∑

b=1

Ue∗
Lib

3∑

a=1

Ue∗
LjaYL3ab

)
U−−
Lk2

CR

l̄i l̄iδ
c−−

Lk

= −i

(
3∑

b=1

3∑

a=1

YL3abU
e
LiaU

e
Lib +

3∑

b=1

3∑

a=1

YL3abU
e
LiaU

e
Lib

)
U−−
Lk2

CR

liljδ
c−−

k

∗ = i

(
3∑

b=1

3∑

a=1

YL4abU
e
RjaU

e
Rib +

3∑

b=1

3∑

a=1

YL4abU
e
RiaU

e
Rjb

)
U−−
k1

CL

l̄i l̄iδ
c−−

k

= i

(
3∑

b=1

Ue∗
Rib

3∑

a=1

Ue∗
RiaYL4ab +

3∑

b=1

Ue∗
Rib

3∑

a=1

Ue∗
RiaYL4ab

)
U−−
k1 (A2)

The coefficients associated with the penguin-type diagrams are

FL =
1

2e2
CR

l̄iF
n
k
Sc
l
CSc∗

l
NSc

β
CL

F̄n
k
Sc∗
β

lj
G2

(
xFn

k
, xSc

β
, xSc

l

)
+

mF c
k
mF c

α

e2m2
W

CR
l̄iS

n
β
F c
k
CL

F̄ c
k
NF c

α
CL

F̄ c
αS

n
β
lj

G1

(
xSn

β
, xF c

k
, xF c

α

)
− 1

2e2
CR

l̄iS
n
β
F c
k
CR

F̄ c
k
NF c

α
CL

F̄ c
αS

n
β
lj
G2

(
xSn

β
, xF c

k
, xF c

α

)
,

FR = FL (L ↔ R) . (A3)
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The coefficients associated with the box-type diagrams are

BL
1 =

mFn
k
mFn

α

e2m2
W

G3

(
xFn

k
, xFn
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The matrix elements of the neutral Higgs-bosons are
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