
Z boson decays Z → li�lj∓ and Higgs boson decays h → li�lj∓ with lepton
flavor violation in a Uð1Þ extension of the MSSM

Yi-Tong Wang ,1,2,* Shu-Min Zhao,1,2,† Tong-Tong Wang,1,2 Xi Wang,1,2 Xin-Xin Long,1,2

Jiao Ma ,1,2 and Tai-Fu Feng1,2,3
1Department of Physics, Hebei University, Baoding 071002, China

2KeyLaboratoryofHigh-precisionComputationandApplicationofQuantumFieldTheoryofHebeiProvince,
Baoding 071002, China

3Department of Physics, Chongqing University, Chongqing 401331, China

(Received 6 July 2022; accepted 9 September 2022; published 29 September 2022)

The Uð1Þ extension of the supersymmetric standard model is the extension of the minimal super-
symmetric standard model, and its local gauge group is SUð3ÞC × SUð2ÞL × Uð1ÞY × Uð1ÞX. We study
lepton flavor violating (LFV) decays Z → li�lj∓ (Z → eμ, Z → eτ, and Z → μτ) and h → li�lj∓ (h → eμ,
h → eτ, and h → μτ) in this model. In the numerical results, the branching ratios of Z → li�lj∓ are from
10−9 to 10−13, and the branching ratios of h → li�lj∓ are from 10−3 to 10−9, which can approach the
present experimental upper bounds. Based on the latest experimental data, we analyze the influence of
different sensitive parameters on the branching ratio and make reasonable predictions for future
experiments. The main sensitive parameters and LFV sources are the nondiagonal elements corresponding
to the initial and final generations of leptons, which can be seen from the numerical analysis.
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I. INTRODUCTION

Neutrinos have tiny masses and mix with each other, as
proved by the neutrino oscillation experiment [1,2]. This
indicates that the lepton flavor symmetry is not
conservative in the neutrino region. The Large Hadron
Collider (LHC) can detect about 125 GeV new particles
[3,4], whose properties are close to those of the Higgs
boson, which is very successful for the standard model
(SM). The LFV decays are forbidden in the SM. If LFV
decays of charged leptons are detected, we have direct
evidence of new physics (NP). The LFV decays of Higgs
bosons and Z bosons are of interest, opening a window for
detecting NP beyond the SM.
In Table I, we summarize the current limitations and

future prospects of the three modes of the Z boson
(Z → eμ, Z → eτ, and Z → μτ) [5–10]. For the Large
Electron-Positron Collider (LEP), the most stringent upper
limit is to use a data sample of 5 × 106 Z bosons produced
in eþe− collisions [5]. The LHC has already produced
many more Z bosons in pp collisions. The upper limit on

the branching ratio by the ATLAS experiment corresponds
to 7.8 × 108 Z bosons being produced [5], significantly
more restrictive than that from the LEP experiments. For
the future sensitivity of CEPC and FCC-ee circular eþe−
colliders assuming 3 × 1012 Z decays [6], they are about
6 orders of magnitude more than LEP experiments.
Moreover, at least for the Z → eτ and Z → μτ, CEPC/
FCC-ee could improve the present LHC (future HL-LHC)
bounds by up to 4 (3) orders of magnitude.
For h → li�lj∓ (h → eμ, h → eτ, and h → μτ), due to

low energy constraints, h → eμ is more suppressed than
h → eτ and h → μτ. Moreover, since the LHC searches for
h → eτ and h → μτ, the discovery of LFV at the LHC or
future leptonic colliders is still an open possibility. After the
discovery of the Higgs boson, some future experiments
have been proposed to study the properties of the Higgs
boson, including two circular lepton colliders (CEPC and
FCC-ee) and a linear lepton collider (ILC). In Table II, we
summarize the current limitations and future sensitivity on
LFV Higgs decays [11–14].
Combining the experimental data provided by ATLAS

and CMS, the upper limits on the LFV branching ratios of
Z → eμ, Z → eτ, Z → μτ and h → eμ, h → eτ, h → μτ at
95% confidence level (C.L.) are shown in Table III [15–19].
The LFV decays can easily occur in NP models beyond the
SM, for instance, in supersymmetric models and others
[20,21]. Due to the running of the LHC, the LFV decays
have recently been discussed within various theoretical
frameworks [22–27].

*wyt_991222@163.com
†zhaosm@hbu.edu.cn

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 106, 055044 (2022)

2470-0010=2022=106(5)=055044(21) 055044-1 Published by the American Physical Society

https://orcid.org/0000-0003-0229-0665
https://orcid.org/0000-0002-8001-6250
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.106.055044&domain=pdf&date_stamp=2022-09-29
https://doi.org/10.1103/PhysRevD.106.055044
https://doi.org/10.1103/PhysRevD.106.055044
https://doi.org/10.1103/PhysRevD.106.055044
https://doi.org/10.1103/PhysRevD.106.055044
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


TheUð1ÞX of the supersymmetric standard model (SSM)
is the extension of the minimal supersymmetric standard
model (MSSM), and its local gauge group is SUð3ÞC ×
SUð2ÞL ×Uð1ÞY × Uð1ÞX [28–30]. To obtain this model,
three new singlet Higgs superfields and right-handed
neutrinos are added to the MSSM. In this work, we analyze
the LFV decays Z → li�lj∓ (Z → eμ, Z → eτ, and
Z → μτ) and h → li�lj∓ (h → eμ, h → eτ, and h → μτ)
within the Uð1ÞXSSM model. Compared with the MSSM,
the neutrino masses in the Uð1ÞXSSM are not zero. These
new sources enlarge the LFV processes via loop contri-
butions. Therefore, the expected experimental results for
the LFV processes may be obtained in the near future.
In our previous work, we studied the LFV decays lj →

liγ in the Uð1ÞXSSM [31]. The numerical results showed
that the present experimental limits for the branching ratio
of lj → liγ constrain the parameter space of the Uð1ÞXSSM
most strictly. In this work, considering the constraint of the
present experimental limits on the branching ratio of
lj → liγ, we show the influence of slepton flavor mixing
parameters on the branching ratios of Z → li�lj∓,
h → li�lj∓, and lj → liγ in the Uð1ÞXSSM.
Our paper is organized as follows. In Sec. II, we briefly

introduce the main content of the Uð1ÞXSSM, including its
superpotential, the general soft SUSY-breaking terms, mass
matrices, and couplings. Sections III and IV are devoted to
the decays Z → li�lj∓ and h → li�lj∓ with lepton flavor
violation in the Uð1ÞXSSM. In Sec. V, we give the
corresponding parameters and numerical analysis. A dis-
cussion and conclusions are given in Sec. VI. The
Appendix introduces some specific forms of coupling
coefficients that we need for this work.

II. MAIN CONTENT OF Uð1ÞXSSM
TheUð1ÞXSSM is the Uð1Þ extension of the MSSM, and

the local gauge group is SUð3ÞC ⊗ SUð2ÞL ⊗ Uð1ÞY ⊗

Uð1ÞX [31–34]. In order to obtain the Uð1ÞXSSM, the
MSSM has added new superfields, including right-handed
neutrinos ν̂i and three Higgs singlets, η̂; ˆ̄η; Ŝ. Through the
seesaw mechanism, light neutrinos obtain tiny masses at
the tree level. The neutral CP-even parts of Hu;Hd; η; η̄,
and S mix together, forming a 5 × 5 mass squared matrix.
The loop corrections to the lightest CP-even Higgs are
needed in order to get the Higgs mass of 125.1 GeV
[35,36]. The sneutrinos are disparted into CP-even sneu-
trinos and CP-odd sneutrinos, and their mass squared
matrices are both extended to 6 × 6.
The superpotential in the Uð1ÞXSSM is expressed as

W ¼ lWŜþ μĤuĤd þMSŜ Ŝ−Ydd̂ q̂ Ĥd − Yeê l̂ Ĥd

þ λHŜĤuĤd þ λCŜ η̂ ˆ̄ηþ
κ

3
Ŝ Ŝ ŜþYuû q̂ Ĥu

þ YXν̂ ˆ̄η ν̂þYνν̂ l̂ Ĥu: ð1Þ

The specific explicit expressions of two Higgs doublets
are as follows:

Hu ¼
 

Hþ
u

1ffiffi
2

p ðvu þH0
u þ iP0

uÞ

!
;

Hd ¼
 

1ffiffi
2

p ðvd þH0
d þ iP0

dÞ
H−

d

!
: ð2Þ

The three Higgs singlets are represented by

η ¼ 1ffiffiffi
2

p ðvη þ ϕ0
η þ iP0

ηÞ; η̄ ¼ 1ffiffiffi
2

p ðvη̄ þ ϕ0
η̄ þ iP0

η̄Þ;

S ¼ 1ffiffiffi
2

p ðvS þ ϕ0
S þ iP0

SÞ: ð3Þ

Here, vu, vd, vη, vη̄, and vS are the corresponding
vacuum expectation values (VEVs) of the Higgs superfields

TABLE II. Current upper limits and future sensitivity on LFV
Higgs decays.

Decay
modes

LHC
(95% C.L.)

CEPC/
FCC-ee ILC

h → eμ 6.2 × 10−5 [11–13] 1.2 × 10−5 [14] 2.1 × 10−5 [14]
h → eτ 4.7 × 10−3 [11–13] 1.6 × 10−4 [14] 2.4 × 10−4 [14]
h → μτ 2.5 × 10−3 [11–13] 1.4 × 10−4 [14] 2.3 × 10−4 [14]

TABLE III. Upper limits on the LFV branching ratios of
Z → li�lj∓ and h → li�lj∓.

Decay modes Z boson Higgs boson

eμ 7.5 × 10−7 6.2 × 10−5

eτ 9.8 × 10−6 4.7 × 10−3

μτ 1.2 × 10−5 2.5 × 10−3

TABLE I. Current upper limits on LFV Z decays from LEP and LHC experiments and future sensitivity from
CEPC/FCC-ee.

Decay modes LEP (95% C.L.) LHC (95% C.L.) CEPC/FCC-ee

Z → eμ 1.7 × 10−6 [5] 7.5 × 10−7 [5] 10−8 − 10−10 [10]
Z → eτ 9.8 × 10−6 [6,7] 5.0 × 10−6 [9] 10−9 [10]
Z → μτ 1.2 × 10−5 [6,8] 6.5 × 10−6 [9] 10−9 [10]
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Hu, Hd, η, η̄, and S. Two angles are defined as tan β ¼
vu=vd and tan βη ¼ vη̄=vη. The definitions of ν̃L and ν̃R are

ν̃L ¼ 1ffiffiffi
2

p ϕl þ
iffiffiffi
2

p σl; ν̃R ¼ 1ffiffiffi
2

p ϕR þ iffiffiffi
2

p σR: ð4Þ

The soft SUSY-breaking terms of the Uð1ÞXSSM are

Lsoft ¼ LMSSM
soft − BSS2 − LSS −

Tκ

3
S3 − TλCSηη̄

þ ϵijTλHSH
i
dH

j
u − TIJ

X η̄ν̃
�I
R ν̃

�J
R þ ϵijTIJ

ν Hi
uν̃

I�
R l̃

J
j

−m2
ηjηj2 −m2

η̄jη̄j2 −m2
SS

2 − ðm2
ν̃R
ÞIJν̃I�R ν̃JR

−
1

2
ðMXλ

2
X̃
þ 2MBB0λB̃λX̃Þ þ H:c: ð5Þ

Table IV shows the particle content and charge distribu-
tion of the Uð1ÞXSSM. We have shown that the Uð1ÞXSSM
is anomaly free in previous work [34]. The two Abelian
groups Uð1ÞY and Uð1ÞX in the Uð1ÞXSSM cause a new
effect: the gauge kinetic mixing. This effect can be induced
by renormalization group equations (RGEs).
The general form of the covariant derivative of the

Uð1ÞXSSM can be found in Refs. [37–40]. In the
Uð1ÞXSSM, the gauge bosons AX

μ ; AY
μ , and V3

μ mix together
at the tree level. The mass matrix in the basis ðAY

μ ; V3
μ; AX

μ Þ
can be found in Ref. [34]. We use two mixing angles θW and
θ0W to obtain mass eigenvalues of the matrix. Here, θW is the
Weinberg angle, and θ0W is the new mixing angle. The new
mixing angle is defined as

sin2 θ0W ¼ 1

2
−

½ðgYX þ gXÞ2 − g21 − g22�v2 þ 4g2Xξ
2

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ðgYX þ gXÞ2 þ g21 þ g22�2v4 þ 8g2X½ðgYX þ gXÞ2 − g21 − g22�v2ξ2 þ 16g4Xξ

4
p : ð6Þ

Here, v2 ¼ v2u þ v2d and ξ2 ¼ v2η þ v2η̄.
The new mixing angle appears in the couplings involving Z and Z0. The exact eigenvalues are calculated as

m2
γ ¼ 0;

m2
Z;Z0 ¼ 1

8
ð½g21 þ g22 þ ðgYX þ gXÞ2�v2 þ 4g2Xξ

2

∓
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½g21 þ g22 þ ðgYX þ gXÞ2�2v4 þ 8½ðgYX þ gXÞ2 − g21 − g22�g2Xv2ξ2 þ 16g4Xξ

4

q
Þ: ð7Þ

The mass squared matrix for CP-even Higgs
ðϕd;ϕu;ϕη;ϕη̄;ϕsÞ reads

M2
h ¼

0
BBBBBB@

mϕdϕd
mϕuϕd

mϕηϕd
mϕη̄ϕd

mϕsϕd

mϕdϕu
mϕuϕu

mϕηϕu
mϕη̄ϕu

mϕsϕu

mϕdϕη
mϕuϕη

mϕηϕη
mϕη̄ϕη

mϕsϕη

mϕdϕη̄
mϕuϕη̄

mϕηϕη̄
mϕη̄ϕη̄

mϕsϕη̄

mϕdϕs
mϕuϕs

mϕηϕs
mϕη̄ϕs

mϕsϕs

1
CCCCCCA
; ð8Þ

mϕdϕd
¼ m2

Hd
þ jμj2 þ 1

8
ð½g21 þ ðgX þ gYXÞ2

þ g22�ð3v2d − v2uÞ þ 2ðgYXgX þ g2XÞðv2η − v2η̄ÞÞ

þ
ffiffiffi
2

p
vSμλH þ 1

2
ðv2u þ v2SÞjλHj2; ð9Þ

mϕdϕu
¼ −

1

4
ðg22 þ ðgYX þ gXÞ2 þ g21Þvdvu þ jλHj2vdvu

− λHlW −
1

2
λHðvηvη̄λC þ v2SκÞ

− Bμ −
ffiffiffi
2

p
vS

�
1

2
TλH þMSλH

�
; ð10Þ

TABLE IV. Superfields in the Uð1ÞXSSM.

Superfields q̂i ûci d̂ci l̂i êci ν̂i Ĥu Ĥd η̂ ˆ̄η Ŝ

SUð3ÞC 3 3̄ 3̄ 1 1 1 1 1 1 1 1
SUð2ÞL 2 1 1 2 1 1 2 2 1 1 1
Uð1ÞY 1=6 −2=3 1=3 −1=2 1 0 1=2 −1=2 0 0 0
Uð1ÞX 0 −1=2 1=2 0 1=2 −1=2 1=2 −1=2 −1 1 0
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mϕuϕu
¼ m2

Hu
þ jμj2 þ 1

8
ð½g21 þ ðgX þ gYXÞ2

þ g22�ð3v2u − v2dÞ þ 2ðgYXgX þ g2XÞðv2η̄ − v2ηÞÞ

þ
ffiffiffi
2

p
vSμλH þ 1

2
ðv2d þ v2SÞjλHj2; ð11Þ

mϕdϕη
¼ 1

2
gXðgYX þ gXÞvdvη −

1

2
vuvη̄λHλC; ð12Þ

mϕuϕη
¼ −

1

2
gXðgYX þ gXÞvuvη −

1

2
vdvη̄λHλC; ð13Þ

mϕηϕη
¼ m2

η þ
1

4
ððgYXgX þ g2XÞðv2d − v2uÞ

þ 2g2Xð3v2η − v2η̄ÞÞ þ
jλCj2
2

ðv2η̄ þ v2SÞ; ð14Þ

mϕdϕη̄
¼ −

1

2
gXðgYX þ gXÞvdvη̄ −

1

2
vuvηλHλC; ð15Þ

mϕuϕη̄
¼ 1

2
gXðgYX þ gXÞvuvη̄ −

1

2
vdvηλHλC; ð16Þ

mϕηϕη̄
¼ −g2Xvηvη̄ þ

1

2
ð2lW − λHvdvuÞλC þ jλCj2vηvη̄

þ 1ffiffiffi
2

p vSð2MSλC þ TλCÞ þ
1

2
v2SλCκ; ð17Þ

mϕη̄ϕη̄
¼ m2

η̄ þ
1

4
ððgYXgX þ g2XÞðv2u − v2dÞ

þ 2g2Xð3v2η̄ − v2ηÞÞ þ
jλCj2
2

ðv2η þ v2SÞ; ð18Þ

mϕdϕs
¼ ðλHvdvS þ

ffiffiffi
2

p
vdμ − vuðκvS þ

ffiffiffi
2

p
MSÞÞλH

−
1ffiffiffi
2

p vuTλH ; ð19Þ

mϕuϕs
¼ ðλHvuvS þ

ffiffiffi
2

p
vuμ − vdðκvS þ

ffiffiffi
2

p
MSÞÞλH

−
1ffiffiffi
2

p vdTλH ; ð20Þ

mϕηϕs
¼ðλCvηvSþvη̄ðκvSþ

ffiffiffi
2

p
MSÞÞλCþ

1ffiffiffi
2

p vη̄TλC ; ð21Þ

mϕη̄ϕs
¼ ðλCvη̄vS þ vηðκvS þ

ffiffiffi
2

p
MSÞÞλC

þ 1ffiffiffi
2

p vηTλC ; ð22Þ

mϕsϕs
¼ m2

S þ ð2lW þ 3vSðκvS þ 2
ffiffiffi
2

p
MSÞ

þ λCvηvη̄ − λHvdvuÞκ

þ 1

2
jλCj2ξ2 þ

1

2
jλHj2v2 þ 2BS

þ 4jMSj2 þ
ffiffiffi
2

p
vSTκ: ð23Þ

This matrix is diagonalized by ZH:

ZHm2
hZ

H;† ¼ mdia
2;h; ð24Þ

with

ϕd ¼
X
j

ZH
j1hj; ϕu ¼

X
j

ZH
j2hj; ϕη ¼

X
j

ZH
j3hj;

ϕη̄ ¼
X
j

ZH
j4hj; ϕs ¼

X
j

ZH
j5hj: ð25Þ

Other mass matrices can be found in Refs. [31,32].
Here, we show some of the couplings that we need in the

Uð1ÞXSSM. We deduce the vertices of Z − ẽi − ẽ�j ,

LZẽẽ� ¼
1

2
ẽ�j
h
ðg2 cos θW cos θ0W − g1 cos θ0W sin θW

þ gYX sin θ0WÞ
X3
a¼1

ZE;�
i;a Z

E
j;a

þ ðð2gYX þ gXÞ sin θ0W − 2g1 cos θ0W sin θWÞ

×
X3
a¼1

ZE;�
i;3þaZ

E
j;3þa

i
ðpμ

i − pμ
j ÞẽiZμ: ð26Þ

We also deduce the vertices of l̄i − χ−j − ν̃Rk ðν̃IkÞ,

Ll̄χ− ν̃R ¼ 1ffiffiffi
2

p l̄ifU�
j2Z

R�
ki Y

i
lPL − g2Vj1ZR�

ki PRgχ−j ν̃Rk ;

Ll̄χ− ν̃I ¼
iffiffiffi
2

p l̄ifU�
j2Z

I�
kiY

i
lPL − g2Vj1ZI�

kiPRgχ−j ν̃Ik: ð27Þ

The vertices of χ̄0i − lj − ẽk are

Lχ̄0i lẽ
¼ χ̄0i

��
1ffiffiffi
2

p ðg1N�
i1þg2N�

i2þgYXN�
i5ÞZE

kj

−N�
i3Y

j
lZ

E
k3þj

�
PL−

�
1ffiffiffi
2

p ð2g1Ni1

þð2gYXþgXÞNi5ÞZE
k3þaþYj

lZ
E
kjNi3

�
PR

�
ljẽk: ð28Þ

To save space in the text, the remaining vertices can be
found in Refs. [33,34,41,42].

III. Z BOSON DECAYS Z → li�lj∓

In this section, we analyze the LFV processes
Z → li�lj∓. The corresponding Feynman diagrams can
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be depicted by Figs. 1 and 2, and the corresponding
effective amplitudes can be written as [43–45]

Mμ ¼ l̄iγμðFLPL þ FRPRÞlj; ð29Þ

with

FZ
L;R ¼ FL;RðAÞ þ FL;RðWÞ þ FL;RðBÞ: ð30Þ

The coefficients FL;R can be obtained from the ampli-
tudes of the Feynman diagrams. Note that FL;RðAÞ corre-
sponds to Figs. 1(a)–1(f), and it stands for the contributions
from the chargino-sneutrino, the neutralino-slepton, and the
neutrino-charged Higgs. Here, FL;RðWÞ corresponds to
Figs. 1(g), 1(h) and stands for contributions from the W-
neutrino due to three light neutrinos and three heavy
neutrinos mixing together.
The contributions obtained from Figs. 1(a)–1(f) are

expressed by FL;RðAÞ ¼ Fα
L;RðAÞðα ¼ 1…6Þ. The specific

forms are as follows:

(a) (b) (c)

(d) (f)(e)

(g) (h)

FIG. 1. Feynman diagrams for the Z → li�lj∓ processes in the Uð1ÞXSSM. Note that F represents the Dirac (Majorana) fermion, S
represents the scalar boson, and W represents the W boson.

(a) (b)

(c) (d)

FIG. 2. Feynman diagrams for the processes Z → li�lj∓ in the Uð1ÞXSSM, which denote self-energy diagrams contributing to
Z → li�lj∓ from loops.
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Fð1;2;3Þ
L ðAÞ ¼ i

2
HS2Fl̄i

R HZS1S�2H
S�
1
ljF̄

L G2ðxF; xS1 ; xS2Þ;

Fð4;5;6Þ
L ðAÞ ¼ i

2

�
2mF1

mF2

m2
W

HSF2 l̄i
R HZF1F̄2

L H
S�ljF̄1

L G1

× ðxS; xF1
; xF2

Þ −HSF2 l̄i
R HZF1F̄2

R H
S�ljF̄1

L

×G2ðxS; xF1
; xF2

Þ
�
;

Fα
RðAÞ ¼ Fα

LðAÞjL↔R; α ¼ 1…6: ð31Þ

Here, xi ¼ m2
i =m

2
W , withmi representing the mass of the

corresponding particle andmW representing the energy scale
of the NP. Their specific expressions are given in the
Appendix. In Fig. 1(a), S1 and S2 represent a CP-even
scalar neutrino and a CP-odd scalar neutrino, and F

represents a chargino. Note that HS2Fl̄i
R is the right-handed

coupling of the vertex ν̃IðRÞ − χ� − l̄i,HZS1S�2 is the coupling

of ν̃RðIÞ − Z − ν̃IðRÞ, andHS�
1
ljF̄

L is the left-handed coupling of

the vertex ν̃RðIÞ − χ̄� − lj. The concrete forms of HS2Fl̄i
R ,

HZS1S�2 , andH
S�
1
ljF̄

L are shown in Eq. (A1) in theAppendix. In
Fig. 1(b), S1 and S2 represent the scalar lepton L̃, and F

denotes the neutralino χ0. The couplings HL̃nχ
0 l̄i

R ; HZL̃mL̃�
n ,

and H
L̃�
mljχ̄0

L are given in Eq. (A2) of the Appendix. In
Fig. 1(c), S1 and S2 represent the charged Higgs H�, and F
denotes the neutrino ν. The couplings HH�νl̄i

R ; HZH�H�
, and

H
H�ljν̄
L are given in Eq. (A3) of the Appendix.
In Fig. 1(d), F1 and F2 represent χ�, S denotes the CP-

even (CP-odd) scalar neutrino ν̃RðIÞ, and mF1
and mF2

are
the chargino masses. The concrete forms of the couplings
of the chargino-scalar neutrino-lepton and the chargino-Z-
chargino are collected in Eq. (A4) of the Appendix. In
Fig. 1(e), F1 and F2 represent neutralinos, S denotes the
scalar lepton, and mF1

and mF2
are the neutralino masses.

The corresponding couplings are given in Eq. (A5) of the
Appendix. In Fig. 1(f), F1 and F2 represent neutrinos, S
denotes the charged Higgs, and mF1

and mF2
denote the

neutrino masses. We show the couplings in Eq. (A6).
The specific forms of the one-loop functions

Giðx1; x2; x3Þði ¼ 1…3Þ are

G1ðx1; x2; x3Þ ¼
1

16π2

�
x1 ln x1

ðx1 − x2Þðx1 − x3Þ
þ x2 ln x2
ðx2 − x1Þðx2 − x3Þ

þ x3 ln x3
ðx3 − x1Þðx3 − x2Þ

�
;

G2ðx1; x2; x3Þ ¼
1

16π2

�
x21 ln x1

ðx1 − x2Þðx1 − x3Þ
þ x22 ln x2
ðx2 − x1Þðx2 − x3Þ

þ x23 ln x3
ðx3 − x1Þðx3 − x2Þ

�
: ð32Þ

The contributions obtained from Figs. 1(g) and 1(h) are expressed by FL;RðWÞ ¼ Fα
L;RðWÞ (α ¼ 1, 2). The specific forms

are as follows:

Fð1;2Þ
L ðWÞ ¼ i½3HW2Fl̄i

L HZW1W�
2H

W�
1
ljF̄

L G2ðxF; xW1
; xW2

Þ −HWF2 l̄i
L HZF1F̄2

L H
F̄1ljW�

L G2ðxW; xF1
; xF2

Þ�;
Fð1;2Þ
R ðWÞ ¼ 0: ð33Þ

Here, FðF1; F2Þ represents the neutrino. The required couplings of theW-Z-W, the lepton-neutrino-W, and the neutrino-
Z-neutrino are collected in Eqs. (A7) and (A8) of the Appendix.
The contributions obtained from Fig. 2 are expressed by FL;RðBÞ ¼ Fα

L;RðBÞðα ¼ 1…4Þ. The specific forms are as
follows:

Fð1;2Þ
L ðBÞ ¼ HZlil̄i

L

m2
lj
−m2

li

�
I1ðxF; xSÞ þ

m2
lj

m2
W
½I2ðxF; xSÞ − I3ðxF; xSÞ�ðmljmFH

SFl̄i
R H

S�ljF̄
R þmlimFH

SFl̄i
L H

S�ljF̄
L Þ

−
1

2
G3ðxF; xSÞðm2

lj
HSFl̄i

R H
S�ljF̄
L þmlimljH

SFl̄i
L H

S�ljF̄
R Þ

�
;

Fð3;4Þ
L ðBÞ ¼ H

Zljl̄j
L

m2
li
−m2

lj

�
I1ðxF; xSÞ þ

m2
li

m2
W
½I2ðxF; xSÞ − I3ðxF; xSÞ�ðmlimFH

SFl̄i
R H

S�ljF̄
R þmljmFH

SFl̄i
L H

S�ljF̄
L Þ

−
1

2
G3ðxF; xSÞðm2

li
HSFl̄i

L H
S�ljF̄
R þmlimljH

SFl̄i
R H

S�ljF̄
L Þ

�
;

Fα
RðBÞ ¼ Fα

LðBÞjL↔R; α ¼ 1…4: ð34Þ
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Note that HZlil̄i
L ¼ H

Zljl̄j
L ¼ i

2
ð−g1 cos θ0W sin θW þ

g2 cos θW cos θ0W þ gYX sin θ0WÞ represents left-handed cou-
pling of the lepton-Z-lepton. In Fig. 2(a), F and S denote
the chargino and CP-even (CP-odd) scalar neutrino,
and mF represents the mass of the chargino. In Fig. 2(b),
F and S denote the neutralino and scalar lepton, and mF is
the mass of the neutralino. The required couplings in
Figs. 2(a) and 2(b) can be found from the couplings in
Figs. 1(a) and 1(b). The conditions of Figs. 2(c) and 2(d)
are similar to those of Figs. 2(a) and 2(b).
Here,

I1ðx1; x2Þ ¼
1

16π2

�
1þ log x2
x2 − x1

þ x1 log x1 − x2 log x2
ðx2 − x1Þ2

�
;

I2ðx1; x2Þ ¼
1

16π2

�
−
1þ log x2
x2 − x1

−
x1 log x1 − x2 log x2

ðx2 − x1Þ2
�
;

G3ðx1; x2Þ ¼ −
1

16π2

�
x22 log x2 − x21 log x1

ðx2 − x1Þ2

þ x2 þ 2x2 log x2
ðx1 − x2Þ

−
1

2

�
: ð35Þ

Then, the branching ratios of Z → li�lj∓ are defined as

BrðZ → li�lj∓Þ ¼
1

12π

mZ

ΓZ
ðjFZ

Lj2 þ jFZ
Rj2Þ

¼ 1

12π

mZ

ΓZ
ðjFLðAÞ þ FLðWÞ þ FLðBÞj2

þ jFRðAÞ þ FRðBÞj2Þ; ð36Þ

where ΓZ represents the total decay width of the Z boson,
ΓZ ≃ 2.4952 GeV [16].

IV. HIGGS BOSON DECAYS h → li�lj∓

In this section, we analyze the LFV processes
h → li�lj∓. The corresponding Feynman diagrams are
depicted in Figs. 3 and 4.
The corresponding effective amplitude can be written as

M ¼ l̄iðFLPL þ FRPRÞljh; ð37Þ

with

Fh
L;R ¼ FL;RðCÞ þ FL;RðDÞ: ð38Þ

The contribution given in Fig. 3 is expressed by
FL;RðCÞ ¼ Fα

L;RðCÞðα ¼ 1…6Þ. The specific forms are as
follows:

Fð1;2;3Þ
L ðCÞ ¼ mF

m2
Np

HhS1S�2HS2Fl̄i
L H

S�
1
ljF̄

L G1ðxF; xS1 ; xS2Þ;

Fð4;5;6Þ
L ðCÞ ¼ mF1

mF2

m2
Np

HSF2 l̄i
L HhF1F̄2

L H
S�ljF̄1

L G1ðxS; xF1
; xF2

Þ

þHSF2 l̄i
L HhF1F̄2

R H
S�ljF̄1

L G2ðxS; xF1
; xF2

Þ;
Fα
RðCÞ ¼ Fα

LðCÞjL↔R; α ¼ 1…6: ð39Þ

(a) (b)

(c) (d)

(e) (f)

FIG. 3. Feynman diagrams for the processes h → li�lj∓ in the Uð1ÞXSSM, which denote the contributions of vertex diagrams for
h → li�lj∓ from loops.
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Figures 3(a)–3(f) are similar to Figs. 1(a)–1(f), with Z
replaced by h. So we just show the couplings relating to h.
In Fig. 3(a), HhS1S�2 → Hhν̃Rν̃R�ðHhν̃I ν̃I� Þ. The concrete form
of Hhν̃Rν̃R� can be found in the Appendix [Eq. (A10)] of

Ref. [33]. Note that Hhν̃I ν̃I� is very similar to Hhν̃Rν̃R� , with
the replacement ZR → ZI .
In Fig. 3(b), S1 and S2 denote scalar leptons. Then

HhS1S�2 → HhL̃L̃�
, which reads as

HhL̃nL̃�
m ¼ i

4

�X3
a¼1

ZE;�
m;aZE

n;aððg22 − gYXgX − g21 − g2YXÞðvdZH
b1 − vuZH

b2Þ þ gYXgXðvη̄ZH
b4

− vηZH
b3ÞÞ þ

X3
a¼1

ZE;�
m;3þaZ

E
n;3þaðð2g21 þ 2g2YX þ 3gYXgX þ g2XÞðvdZH

b1 − vuZH
b2Þ

þ 2ðgYXgX þ g2XÞð−vη̄ZH
b4 þ vηZH

b3ÞÞ þ
�X3

a¼1

ZE;�
m;aZE

n;3þa þ
X3
a¼1

ZE;�
m;3þaZ

E
n;a

�

× ½−2
ffiffiffi
2

p
Te;aZH

b1 þ Ye;að2ðvSλH þ
ffiffiffi
2

p
μÞZH

b2 þ 2vuλHZH
b5Þ�
�
: ð40Þ

In Fig. 3(c), the scalar particle is a charged Higgs, and

HhS1S�2 → HhH�
mH��

n ¼ i
4
fð−ZH

b2Z
þ
m2 − ZH

b1Z
þ
m1Þð½ðgYX þ gXÞ2 þ g21 þ g22�ðvuZþ

n2 þ vdZ
þ
n1Þ þ ðg22 − 2λ2HÞ

× ðvdZþ
n1 − vuZ

þ
n2ÞÞ þ ðZH

b2Z
þ
m1 þ ZH

b1Z
þ
m2Þð½ðgYX þ gXÞ2 − 2g22 þ g21 þ 2λ2H�ðvuZþ

n1

þ vdZ
þ
n2ÞÞ − 2ZH

b4ðZþ
m2 − Zþ

m1ÞððgYXgX þ g2XÞvη̄ðZþ
n2 þ Zþ

n1Þ þ λcvηλHðZþ
n1 − Zþ

n2ÞÞ
þ ZH

b3ðZþ
m2 þ Zþ

m1ÞððgYXgX þ g2XÞðvηZþ
n1 − vηZ

þ
n2Þ þ λcvη̄λ�HðZþ

n1 þ Zþ
n2ÞÞ

þ ZH
b5ðZþ

m2 þ Zþ
m1ÞðZþ

n2 þ Zþ
n1Þð

ffiffiffi
2

p
Tλ;H þ 2λHðκvs þ

ffiffiffi
2

p
MS þ

ffiffiffi
2

p
μþ λHvSÞÞg: ð41Þ

In Fig. 3(d), F1ðF2Þ denotes the chargino, while mF1
ðmF2

Þ represents the chargino mass. The corresponding
couplings are

HhF1F̄2

L →Hhχ�n χ̄�m
L ¼−

iffiffiffi
2

p ðg2U�
m1V

�
n2Z

H
b2þU�

m2ðg2V�
n1Z

H
b1þλHV�

n2Z
H
b5ÞÞ;

HhF1F̄2

R →Hhχ�n χ̄�m
R ¼−

iffiffiffi
2

p ðg2Un1Vm2ZH
b2þUn2ðg2Vm1ZH

b1þλ�HVm2ZH
b5ÞÞ: ð42Þ

(a) (b)

(c) (d)

FIG. 4. Feynman diagrams for the processes h → li�lj∓ in the Uð1ÞXSSM, which denote self-energy diagrams contributing to
h → li�lj∓ from loops.
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In Fig. 3(e), F1ðF2Þ and mF1
ðmF2

Þ represent the neu-
tralino and neutralino mass, respectively. The Higgs
coupling with neutralino Hhχ0χ̄0 is shown in Eq. (A5) of
the Appendix in our previous work [42]. In Fig. 3(f),
F1 and F2 are neutrinos. The terms proportional to a tiny
neutrino mass ðmF1

; mF2
Þ are not of interest. We do not

show the Higgs-neutrino-neutrino couplings because the
corrections from Fig. 3(f) are very small.
The contributions obtained from Fig. 4 are expressed by

FL;RðDÞ ¼ Fα
L;RðDÞðα ¼ 1…4Þ. The specific forms are as

follows:

Fð1;2Þ
L ðDÞ ¼ Hhlil̄i

L

m2
lj
−m2

li

�
I1ðxF; xSÞ þ

m2
lj

m2
W
½I2ðxF; xSÞ − I3ðxF; xSÞ�ðmljmFH

SFl̄i
R H

S�ljF̄
R þmlimFH

SFl̄i
L H

S�ljF̄
L Þ

−
1

2
G3ðxF; xSÞðm2

lj
HSFl̄i

R H
S�ljF̄
L þmlimljH

SFl̄i
L H

S�ljF̄
R Þ

�
;

Fð3;4Þ
L ðDÞ ¼ H

hljl̄j
L

m2
li
−m2

lj

�
I1ðxF; xSÞ þ

m2
li

m2
W
½I2ðxF; xSÞ − I3ðxF; xSÞ�ðmlimFH

SFl̄i
R H

S�ljF̄
R þmljmFH

SFl̄i
L H

S�ljF̄
L Þ

−
1

2
G3ðxF; xSÞðm2

li
HSFl̄i

L H
S�ljF̄
R þmlimljH

SFl̄i
R H

S�ljF̄
L Þ

�
;

Fα
RðDÞ ¼ Fα

LðDÞjL↔R; α ¼ 1…4: ð43Þ

The lepton-h-lepton coupling is denoted by Hhlil̄i
L ¼

− iffiffi
2

p Ye;iZH
b1. In Fig. 4, the other couplings and mF are the

same as the corresponding terms in Fig. 2.
Then, the branching ratio of h → li�lj∓ is defined as

Brðh → li�lj∓Þ ¼
1

16π

mh

Γh
ðjFh

Lj2 þ jFh
Rj2Þ; ð44Þ

where Γh ≃ ΓSM
h ≃ 4.1 × 10−3 GeV [46]. Note that Γh

represents the total decay width of the Higgs boson in
the Uð1ÞXSSM, and ΓSM

h represents the predicted value of
the 125 GeV Higgs boson total decay width in the SM. In
the following section, we choose the supersymmetric
particles in the Uð1ÞXSSM that are heavy and whose
contributions to the decay width of the 125 GeV Higgs
boson are weak. Hence, we choose Γh, which is approx-
imately equal to ΓSM

h .

V. NUMERICAL ANALYSIS

In this section, we study the numerical results and
consider the experimental constraints from the lightest
CP-even Higgs mass mh0 ¼ 125.1 GeV [3,4,47–50]. In
order to obtain reasonable numerical results, we need to
study some sensitive parameters and consider the effect of

lj → liγ on LFV. The limitation of μ → eγ is the strongest,
and other restrictions can be achieved if the limit of μ → eγ
is satisfied [31]. Then, to show the numerical results clearly,
we discuss the processes of Z → eμ, Z → eτ, Z → μτ and
h → eμ, h → eτ, h → μτ in six subsections. We draw the
relation diagrams and scatter diagrams with different
parameters. After analyzing these graphs and the exper-
imental limits of the branching ratios, reasonable parameter
spaces are found to explain LFV.
According to the latest LHC data [51–56], we take, for

the scalar, a lepton mass greater than 700 GeV, a chargino
mass greater than 1100 GeV, and a scalar quark mass
greater than 1500 GeV. Here, MZ0 > 5.1 TeV is the latest
experimental constraint on the mass of the added heavy
vector boson Z0 [47]. The upper bound of the ratio of the Z0
mass to its gauge coupling, MZ0=gX ≥ 6 TeV under
99% C.L., is given in Refs. [48,49]. Taking into account
the constraint from LHC data, tan βη < 1.5 [50]. Combined
with the above experimental requirements, we obtain
abundant data, and we process the data to get interesting
one-dimensional graphs and multidimensional scatter plots.
Considering the above constraints in the first paragraph, we
use the following parameters:

gX ¼ 0.3; gYX ¼ 0.1; λH ¼ 0.1; λC ¼ −0.2;
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2η þ v2η̄

q
¼ 17 TeV;

μ ¼ MBL ¼ TλH ¼ TλC ¼ Tκ ¼ 1 TeV; MBB0 ¼ 0.4 TeV; κ ¼ 0.1;

lW ¼ Bμ ¼ BS ¼ 0.1 TeV2; TXii ¼ −1 TeV; YXii ¼ 1; ði ¼ 1; 2; 3Þ: ð45Þ
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To simplify the numerical research, we use the relations
for the parameters, and they vary in the following numerical
analysis:

M2
L̃ij

¼M2
L̃ji

; M2
Ẽij

¼M2
Ẽji

;

M2
ν̃ij ¼M2

ν̃ji; Teij ¼ Teji; Tνij ¼ Tνjiði ≠ jÞ: ð46Þ

Generally, the nondiagonal elements of the parameters
are defined as zero unless noted otherwise.

A. Z → eμ

With the parameters vS ¼ 4.3 TeV, M1 ¼ 1.2 TeV,
M2

L̃ii
¼ 3 TeV2, Teii ¼ 0.5 TeV, Tνii ¼ 1 TeV, M2

ν̃ii ¼
0.3 TeV2, and M2

Ẽii
¼ 0.8 TeV2 (i ¼ 1; 2; 3), we give

BrðZ → eμÞ schematic diagrams affected by different
parameters in Fig. 5. The gray area is the experimental
limit that this process satisfies.
In Fig. 5(a), we plot BrðZ → eμÞ versus M2

Ẽ12
, in which

the dashed curve corresponds to MS ¼ 1.5 TeV and the
solid line corresponds to MS ¼ 1.2 TeV. We can clearly
see that the two lines increase with the increasing M2

Ẽ12
in

the range 103 GeV2–5 × 104 GeV2. The dashed curve is
larger than the solid curve. The solid line and the dashed
line are located in the gray area. In Fig. 5(b), we plot
BrðZ → eμÞ versus M2

L̃12
, where the dashed curve

corresponds to MS ¼ 1.5 TeV and the solid line corre-
sponds
to MS ¼ 1.2 TeV. We can clearly see that the two
lines increase with increasing M2

L̃12
in the range

103 GeV2–6 × 104 GeV2. The dashed curve is also larger
than the solid curve. Both the solid line and the dashed line
are located in the gray area. In Fig. 5(c), we plot BrðZ →
eμÞ versus MS, in which the dashed curve corresponds to
M2

L̃12
¼ 6 × 103 GeV2 and the solid line corresponds to

M2
L̃12

¼ 5 × 103 GeV2. We can clearly see that the two
lines increase with increasing MS in the range 1350 GeV–
1450 GeV. The dashed curve is larger than the solid curve.
The solid line and the dashed line are located in the gray
area. The other fixed parameters are based on our previous
work, especially for the LFV processes lj → liγ [31,57] in
the Uð1ÞXSSM. The constraint from μ → eγ is strict. The
other restrictions are relatively loose and easy to satisfy.
In summary, M2

Ẽ12
and M2

L̃12
are the flavor mixing

parameters appearing in the mass matrices of the slepton,
the CP-even sneutrino, and the CP-odd sneutrino. The
mass for the super partner of the Higgs singlet S is denoted
by MS, included in the mass matrices of the Higgs and
neutralino. Thus, the contributions can be influenced, to
some extent, by the parameters M2

Ẽ12
, M2

L̃12
, and MS. Note

that BrðZ → eμÞ increases as the parameters M2
Ẽ12

, M2
L̃12

,
and MS increase. In Fig. 5, the dashed line has a higher

FIG. 5. The BrðZ → eμÞ schematic diagrams affected by different parameters. The gray area is a reasonable value range where
BrðZ → eμÞ satisfies the upper limit. The dashed and solid lines in (a) and (b) correspond to MS ¼ 1.5 TeV and MS ¼ 1.2 TeV. The
dashed and solid lines in (c) correspond to M2

L̃12
¼ 6 × 103 GeV2 and M2

L̃12
¼ 5 × 103 GeV2.
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slope than the solid line, and they vary in the region
10−13–10−11 much smaller than the current limit. All in all,
M2

Ẽ12
, M2

L̃12
, and MS are sensitive parameters that have

obvious effects on BrðZ → eμÞ.
Next, supposing MS ¼ 1.2 TeV, we randomly scan the

parameters. All the parameters involved are expressed in
tabular form. Figure 6 is obtained from the parameters
shown in Table V. We use blue [0 < BrðZ → eμÞ
< 5 × 10−14], yellow [5 × 10−14 ≤ BrðZ → eμÞ <
5 × 10−13], green [5 × 10−13 ≤ BrðZ → eμÞ < 5 × 10−12],
and red [5 × 10−12 ≤ BrðZ → eμÞ < 7.5 × 10−7] to re-
present the results in different parameter spaces for the
process Z → eμ.
The relationship between M2

L̃12
and Tν12 is shown in

Fig. 6(a). We can see that the overall change trend of
scattered points is obvious in Fig. 6(a), where four types of
points are concentrated in −500 GeV < Tν12 < 500 GeV.
The blue parts are mainly in the range −300 GeV <
Tν12 < 50 GeV, yellow parts are mainly in −400 GeV <
Tν12 < 200 GeV, green parts are mainly in −500 GeV
< Tν12 < −200 GeV and 0 GeV < Tν < 500 GeV, and
red parts are mainly in 450 GeV < Tν12 < 500 GeV.
The relationship between M2

Ẽ12
and Tν12 is shown in

Fig. 6(b). The relationship betweenM2
ν̃12 and Tν12 is shown

in Fig. 6(c). In Figs. 6(b) and 6(c), we find that the variation

trend of scattered points is weak, where blue parts are
mainly in the range −200 GeV < Tν12 < 0 GeV, yellow
parts are mainly in −380 GeV < Tν12 < 100 GeV, green
parts are mainly in −500 GeV < Tν12 < −300 GeV and
0 GeV < Tν12 < 500 GeV, and red parts are mainly
in 400 GeV < Tν12 < 500 GeV.

FIG. 6. Current limit on the lepton flavor violating decay Z → eμ. A reasonable parameter space is selected to scatter points, with blue
[0 < BrðZ → eμÞ < 5 × 10−14], yellow [5 × 10−14 ≤ BrðZ → eμÞ < 5 × 10−13], green [5 × 10−13 ≤ BrðZ → eμÞ < 5 × 10−12], and
red [5 × 10−12 ≤ BrðZ → eμÞ < 7.5 × 10−7].

TABLE V. Scanning parameters for Figs. 6 and 11, with
i ¼ 1; 2; 3.

Parameters Min Max

M2
L̃12

=GeV2 0 106

M2
Ẽ12

=GeV2 0 106

M2
ν̃12=GeV

2 0 106

Te12=GeV −300 300
Tν12=GeV −500 500
M2

L̃ii
=GeV2 2 × 105 109

M2
Ẽii
=GeV2 2 × 105 109

M2
ν̃ii=GeV

2 1 × 105 109

Teii=GeV −3000 3000
Tνii=GeV −3000 3000
tan β 1 50
M1=GeV 200 3000
M2=GeV 600 3000

Z BOSON DECAYS Z → li�lj∓ AND HIGGS BOSON DECAYS … PHYS. REV. D 106, 055044 (2022)

055044-11



B. Z → eτ

With the parameters vS ¼ 4.3 TeV, MS ¼ 1.2 TeV,
tan β ¼ 20, Teii ¼ 2 TeV, and Tνii ¼ 3 TeV (i ¼ 1; 2; 3),
we show BrðZ → eτÞ schematic diagrams affected by
different parameters in Fig. 7. Identically, the gray area
is the experimental limit that this process satisfies.
We study the branching ratio of Z → eτ versusM2

Ẽ13
with

M2
L̃ii

¼ 2.5 × 106 GeV2ð3 × 106 GeV2Þ (i ¼ 1; 2; 3). In
Fig. 7(a), the results are plotted with the dotted line and
solid line, respectively, which almost overlap. Both lines
increase with M2

Ẽ13
increasing from 103 GeV2 to

2 × 104 GeV2, which indicates that M2
Ẽ13

is a sensitive
parameter for the numerical results. The solid and dashed
lines are located in the gray area. In Fig. 7(b), we plotZ → eτ
versus M2

L̃13
, in which the dashed curve corresponds to

M2
L̃ii

¼ 2.5 × 106 GeV2 and the solid line corresponds to
M2

L̃ii
¼ 3 × 106 GeV2 (i ¼ 1; 2; 3). The dashed curve is

larger than the solid curve. We can clearly see that the
two lines increase with increasing M2

L̃13
in the range of

2 × 103 GeV2 to 1.2 × 104 GeV2. The solid and dashed
lines are located in the gray area. Thus, the contributions can
be influenced by the parameters M2

Ẽ13
and M2

L̃13
.

Next, supposing MS ¼ 1.2 TeV, we randomly scan the
parameters. We scatter points on Z → eτ in Fig. 8. Some
parameter ranges of tan β, M1, M2, M2

L̃ii
, M2

Ẽii
, M2

ν̃ii, Teii,
and Tνii (i ¼ 1; 2; 3) are given in Table V. In addition, other
parameter spaces are also represented in Table VI. We use
blue [0 < BrðZ → eτÞ < 7 × 10−15], yellow [7 × 10−15 ≤
BrðZ → eτÞ < 1 × 10−14], green [1 × 10−14 ≤ BrðZ → eτÞ
< 2 × 10−14], and red [2 × 10−14 ≤ BrðZ → eτÞ <
9.8 × 10−6] to represent the results in different parameter
spaces for the process of Z → eτ.
The analysis of the relationship betweenM2

L̃13
andM2

Ẽ13
is shown in Fig. 8. All the points are arranged in an arc in
Fig. 8. We can see that the overall change trend of scattered
points is obvious, where four types of points are concen-
trated in 0 GeV2 < M2

Ẽ13
< 3 × 105 GeV2. The blue parts

are mainly in the ranges 0 GeV2 < M2
L̃13

< 2.2 ×
105 GeV2 and 0 GeV2 < M2

Ẽ13
< 1.25 × 105 GeV2, yel-

low parts are mainly in 2.2 × 105 GeV2 < M2
L̃13

< 2.6 ×
105 GeV2 and 1.25 × 105 GeV2 < M2

Ẽ13
< 1.5 × 105

GeV2, green parts are mainly in 2.6 × 105 GeV2 <
M2

L̃13
< 3.6 × 105 GeV2 and 1.5 × 105 GeV2 < M2

Ẽ13
<

2.1 × 105 GeV2, and red parts are mainly in 3.6 ×
105 GeV2 < M2

L̃13
< 4.6 × 105 GeV2 and 2.1 × 105

GeV2 < M2
Ẽ13

< 3 × 105 GeV2.

FIG. 7. The BrðZ → eτÞ schematic diagrams affected by different parameters. The gray area is a reasonable value range, where
BrðZ → eτÞ satisfies the upper limit. The dashed and solid lines in (a) and (b) correspond to M2

L̃ii
¼ 2.5 × 106 GeV2 and

M2
L̃ii

¼ 3 × 106 GeV2 with i ¼ 1; 2; 3.

TABLE VI. Scanning parameters for Figs. 8 and 13.

Parameters Min Max

M2
L̃13

=GeV2 0 106

M2
Ẽ13

=GeV2 0 106

M2
ν̃13=GeV

2 0 106

Te13=GeV −300 300
Tν13=GeV −500 500

FIG. 8. Current limit on lepton flavor violating decay Z → eτ.
Reasonable parameter space is selected to scatter points, with
blue [0 < BrðZ → eτÞ < 7 × 10−15], yellow [7 × 10−15 ≤
BrðZ → eτÞ < 1 × 10−14], green [1 × 10−14 ≤ BrðZ → eτÞ <
2 × 10−14], and red [2 × 10−14 ≤ BrðZ → eτÞ < 9.8 × 10−6].
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C. Z → μτ

The experimental upper bound for the LFV process
Z → μτ is 1.2 × 10−5, which is about 1 order of magnitude
larger than the process Z → eμ. The contributions from the
neutralino-slepton and chargino-sneutrino can be influ-
enced by the parameters M2

Ẽ23
, M2

L̃23
, and Tν23. Through

experimental analysis, we find that the law of the Z → μτ
process is similar to those of the Z → eμ and Z → eτ
processes. The branching ratios increase with the increase
of variables M2

Ẽ23
, M2

L̃23
, and Tν23. When M2

Ẽ23
is the

variable, the branching ratio of Z → μτ can reach 10−13.
When M2

L̃23
is the variable, the branching ratio of Z → μτ

can reach 10−11. When Tν23 is the variable, the branching
ratio of Z → μτ can reach 10−9. It can be deduced that the
parameter Tν23 is more sensitive than the parameters M2

Ẽ23
and M2

L̃23
.

Next, we scatter points on Z → μτ in Fig. 9 with the
parameters in Table VII. These points are divided into
blue [0 < BrðZ → μτÞ < 6 × 10−13], yellow [6×10−13≤
BrðZ→μτÞ<10−12], green [10−12≤BrðZ→μτÞ<3×10−12],
and red [3×10−12≤BrðZ→μτÞ<1.2×10−5] to represent
the results in different parameter spaces for the process
of Z → μτ.
The analysis of the relationship between M2

L̃23
and Tν23,

M2
ν̃23 andTν23, andM2

Ẽ23
andTν23 is showninFig.9,wherewe

can see four of these points concentrated in
−500 GeV < Tν23 < 500 GeV. In Fig. 9(a), the blue parts
are mainly in −300 GeV < Tν23 < 180 GeV, yellow parts
are mainly in −400 GeV < Tν23 < 200 GeV, green parts
are mainly in −500 GeV < Tν23 < −200 GeV and
200 GeV < Tν23 < 400 GeV, and red parts are mainly in
400 GeV < Tν23 < 500 GeV. In Fig. 9(b), the blue parts are
mainly in −200 GeV < Tν23 < 180 GeV, yellow parts are
mainly in −400 GeV < Tν23 < 200 GeV, green parts
are mainly in −500 GeV < Tν23 < −200 GeV and
200 GeV < Tν23 < 400 GeV, and red parts are mainly in

FIG. 9. Current limit on lepton flavor violating decay Z → μτ. Reasonable parameter space is selected to scatter points, with
blue [0 < BrðZ → μτÞ < 6 × 10−13], yellow [6 × 10−13 ≤ BrðZ → μτÞ < 10−12], green [10−12 ≤ BrðZ → μτÞ < 3 × 10−12], and
red [3 × 10−12 ≤ BrðZ → μτÞ < 1.2 × 10−5].

TABLE VII. Scanning parameters for Fig. 9 with i ¼ 1; 2; 3.

Parameters Min Max

M2
L̃23

=GeV2 0 105

M2
Ẽ23

=GeV2 0 105

M2
ν̃23=GeV

2 0 105

Te23=GeV −300 300
Tν23=GeV −500 500
M2

L̃ii
=GeV2 2 × 105 108

M2
Ẽii
=GeV2 2 × 105 108

M2
ν̃ii=GeV

2 1 × 105 108

Teii=GeV −3000 3000
Tνii=GeV −3000 3000
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400 GeV < Tν23 < 500 GeV.We find that the change trends
in Figs. 9(a) and 9(b) are relatively weak, but Fig. 9(a) is
relatively obvious compared to Fig. 9(b).
Finally, we analyze the effect from parameters M2

Ẽ23
and

Tν23 in Fig. 9(c). The blue parts are almost symmetrically
distributed about Tν23 ¼ 0 and are concentrated in the
range −200 GeV < Tν23 < 200 GeV and 0 GeV2 <
M2

Ẽ23
< 5.5 × 104 GeV2. The yellow parts are mainly

distributed outside the green parts. The green parts are
mainly in −500 GeV < Tν23 < −300 GeV and 200 GeV
< Tν23 < 400 GeV, and the red parts are mainly in
400 GeV < Tν23 < 500 GeV.

D. h → eμ

In this subsection, we mainly analyze 125 GeV Higgs
boson decays with LFV h → eμ in the Uð1ÞXSSM. With
the same parameters as the Z → eμ process, we show
Brðh → eμÞ schematic diagrams affected by different
parameters in Fig. 10.
In Fig. 10(a), we plot Brðh → eμÞ versusM2

Ẽ12
, in which

the numerical results are shown by the dashed and solid
curves corresponding toMS¼1.5TeV andMS ¼ 1.2 TeV,
respectively. Note that Brðh → eμÞ varies with M2

Ẽ12
in the

range from 0 GeV2 to 5 × 104 GeV2. It can be clearly seen
that both the solid line and the dashed line have an upward
trend. The rising trend of the dashed line is greater than that

of the solid line. The gray region represents the exper-
imental limit. The dashed line in the range of 0 GeV2 to
2 × 104 GeV2 and the solid line in the range of 0 GeV2 to
4 × 104 GeV2 are in the gray area.
In Fig. 10(b), we plot Brðh → eμÞ versusM2

L̃12
, in which

the dashed line corresponds toMS ¼ 1.5 TeV and the solid
line corresponds toMS ¼ 1.2 TeV. We can clearly see that
the dashed line increases with the increasing M2

L̃12
in the

range of 0 GeV2 to 2 × 104 GeV2. The solid line increases
with the increasing M2

L̃12
in the range of 0 GeV2 to

5 × 104 GeV2. The dashed line is also larger than the
solid line. The solid and dashed lines are located in the gray
area. Thus, the contributions can obviously be influenced
by the parameters M2

Ẽ12
and M2

L̃12
.

Note that Brðh → eμÞ versusMS is plotted in Fig. 10(c),
where the dashed line corresponds to M2

L̃12
¼6×103GeV2

and the solid line corresponds to M2
L̃12

¼ 5 × 103 GeV2. It
is clear that both the dashed and the solid line are increasing
functions of MS in the range of 1350 GeV to 1450 GeV.
The dashed line is also larger than the solid line. Both lines
reach 3.0 × 10−5 and are located in the gray area. If M2

Ẽ12
and M2

L̃12
are very small, Brðh → eμÞ quickly becomes

small, and the reasonable range of MS becomes large.
Supposing MS ¼ 1.2 TeV and M1 ¼ 1.2 TeV, we ran-

domly scan the parameters. These parameter ranges are

b

7

h

h h

FIG. 10. The Brðh → eμÞ schematic diagrams affected by different parameters. The gray area is a reasonable value range, where
Brðh → eμÞ satisfies the upper limit. The dashed and solid lines in (a) and (b) correspond to MS ¼ 1.5 TeV and MS ¼ 1.2 TeV. The
dashed and solid lines in (c) correspond to M2

L̃12
¼ 6 × 103 GeV2 and M2

L̃12
¼ 5 × 103 GeV2.
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given in Table V, thus obtaining Fig. 11. We use blue
[0 < Brðh → eμÞ < 2 × 10−5], yellow [2 × 10−5 ≤
Brðh → eμÞ < 3 × 10−5], green [3 × 10−5 ≤ Brðh → eμÞ
< 5 × 10−5], and red [5 × 10−5 ≤ Brðh → eμÞ <
6.28 × 10−5] to represent the results in different parameter
spaces for the process Z → eμ.
The relationship between M2

L̃12
and M2

ν12 is shown in
Fig. 11(a), and the relationship between M2

L̃12
and Tν12 is

shown in Fig. 11(b). All points are clearly distributed in
their respective regions. The four types of points are
concentrated in 0 GeV2 < M2

L̃12
< 2.3 × 105 GeV2. The

blue parts are mainly in 0 GeV2 < M2
Ẽ12

< 1.3×
105 GeV2, yellow parts are mainly in 1.3 × 105 GeV2 <
M2

Ẽ12
< 1.6 × 105 GeV2, green parts are mainly in

1.6 × 105 GeV2 < M2
Ẽ12

< 2.1 × 105 GeV2 GeV, and red
parts are mainly in 2.1 × 105 GeV2 < M2

Ẽ12
< 2.3×

105 GeV2.

E. h → eτ

In this section, we analyze the 125 GeV Higgs boson
decay h → eτ in the Uð1ÞXSSM model. With the same

parameters as the Z → eτ process, we show Brðh → eτÞ
schematic diagrams affected by different parameters
in Fig. 12.
Setting vS ¼ 4.3 TeV, we plot Brðh → eτÞ versus M2

Ẽ13
in Fig. 12(a). The dashed line corresponds to
M2

L̃ii
¼ 2.5 × 106 GeV2, and the solid line corresponds

to M2
L̃ii

¼ 3 × 106 GeV2 (i ¼ 1; 2; 3). We can clearly see
that the two lines increase with increasingM2

Ẽ13
in the range

of 0 GeV2 − 2 × 104 GeV2. The dashed line is larger than
the solid line. The solid line part in 0 GeV2 < M2

Ẽ13
<

1.96 × 104 GeV2 is in the gray area, and the dashed line
part in 0 GeV2 < M2

Ẽ13
< 1.9 × 104 GeV2 is in the gray

area. That is to say, the dashed and solid lines exceed the
gray area.
In Fig. 12(b), we show h → eτ versus M2

L̃13
, where the

dashed line corresponds to M2
L̃ii

¼ 2.5 × 106 GeV2 and
the solid line corresponds to M2

L̃ii
¼ 3 × 106 GeV2

(i ¼ 1; 2; 3). During 2 × 103 GeV2 < M2
L̃13

< 1.2×
105 GeV2, both the dashed line and the solid line are
increasing functions, and the slope of the dashed line is
greater than that of the solid line. The solid line part as a

h h

FIG. 12. The Brðh → eτÞ schematic diagrams affected by different parameters. The gray area is a reasonable value range, where
BrðZ → eτÞ satisfies the upper limit. The dashed and solid lines in (a) and (b) correspond to M2

L̃ii
¼ 2.5 × 106 GeV2 and M2

L̃ii
¼

3 × 106 GeV2 with i ¼ 1; 2; 3.

FIG. 11. Current limit on lepton flavor violating decay h → eμ. A reasonable parameter space is selected to scatter points, with blue
[0 < Brðh → eμÞ < 2 × 10−5], yellow [2 × 10−5 ≤ Brðh → eμÞ < 3 × 10−5], green [3 × 10−5 ≤ Brðh → eμÞ < 5 × 10−5], and
red [5 × 10−5 ≤ Brðh → eμÞ < 6.28 × 10−5].
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whole and the dashed line part of 2 × 103 GeV2 < M2
L̃13

<
1.05 × 105 GeV2 are in the gray area, and the dashed line
of the rest exceeds the gray area. The contributions can
obviously be influenced by the parametersM2

Ẽ13
andM2

L̃13
.

Next, supposing the parameters withMS ¼ 1.2 TeV, we
randomly scan the parameters. We scatter points for h → eτ
in Fig. 13. Some parameter ranges of tan β, M1, M2, M2

L̃ii
,

M2
Ẽii
, M2

ν̃ii, Teii, and Tνii (i ¼ 1; 2; 3) are given in Table V.
In addition, other parameter spaces are also represented in
Table VI. We use blue [0 < Brðh → eτÞ < 10−3], yellow
[10−3 ≤ Brðh → eτÞ < 1.5 × 10−3], green [1.5 × 10−3 ≤
Brðh → eτÞ < 3.5 × 10−3], and red [3.5 × 10−3 ≤
Brðh → eτÞ < 4.7 × 10−3] to represent the results in differ-
ent parameter spaces for the process h → eτ.
Finally, we analyze the relationship between M2

L̃13
and M2

Ẽ13
in Fig. 13. All scatters are fan-shaped and

evenly distributed, where four types of points are concen-
trated in 0 GeV2 < M2

L̃13
< 4.6 × 105 GeV2. The blue

parts are mainly in 0 GeV2 < M2
L̃13

< 2 × 105 GeV2 and

0 GeV2 < M2
Ẽ13

< 1.3 × 105 GeV2, yellow parts are
mainly in 2 × 105 GeV2 < M2

L̃13
< 2.6 × 105 GeV2 and

1.3 × 105 GeV2 < M2
Ẽ13

< 1.6 × 105 GeV2, green parts
are mainly in 2.6 × 105 GeV2 < M2

L̃13
< 4 × 105 GeV2

and 1.6 × 105 GeV2 < M2
Ẽ13

< 2.5 × 105 GeV2, and red
parts are mainly in 4×105GeV2<M2

L̃13
<4.6×105GeV2

and 2.5 × 105 GeV2 < M2
Ẽ13

< 2.9 × 105 GeV2.

F. h → μτ

Finally, we analyze the processh → μτ in theUð1ÞXSSM.
After experimental exploration, the experimental law of the
h → μτ process is similar to those of the h → eμ and h → eτ
processes. When M2

Ẽ23
, M2

L̃23
, Tν23 are variables, the

corresponding branching ratios can reach 10−4, 10−4,
10−9, respectively. It can be deduced that the parameters
M2

Ẽ23
and M2

L̃23
are more sensitive than the parameter Tν23.

Next, we scatter points on h → μτ in Fig. 14 with the
parameters in Table VII. These points are divided into blue
[0 < Brðh → μτÞ < 5 × 10−4], yellow [5 × 10−4 ≤ Br
ðh → μτÞ < 1 × 10−3], green [1 × 10−3 ≤ Brðh → μτÞ <
2 × 10−3], and red [2×10−3≤Brðh→μτÞ<2.5×10−3] to
represent the results in different parameter spaces for the
process h → eτ.
We plot M2

Ẽ23
varying with Te23 in Fig. 14(a), where

we can see four of these points concentrated in
0 GeV2 < M2

Ẽ23
< 7 × 104 GeV2. In Fig. 14(a), the blue

parts are mainly in 0 GeV2 < M2
Ẽ23

< 3 × 104 GeV2,
yellow parts are mainly in 3 × 104 GeV2 < M2

Ẽ23
<

4.5 × 104 GeV2, green parts are mainly in 4.5×
104 GeV2 < M2

Ẽ23
< 6 × 104 GeV2, and red parts are

mainly in 6 × 104 GeV2 < M2
Ẽ23

< 7 × 104 GeV2. In
Fig. 14(b), we find that Tν23 is not sensitive. The blue
parts are mainly in 0 GeV2 < M2

Ẽ23
< 2.7 × 104 GeV2,

yellow parts are mainly in 2.7 × 104 GeV2 <
M2

Ẽ23
< 4 × 104 GeV2, green parts are mainly in 4 × 104

FIG. 13. Current limit on lepton flavor violating decay h → eτ.
A reasonable parameter space is selected to scatter points, with
blue [0 < Brðh → eτÞ < 10−3], yellow [10−3 ≤ Brðh → eτÞ <
1.5 × 10−3], green [1.5 × 10−3 ≤ Brðh → eτÞ < 3.5 × 10−3], and
red [3.5 × 10−3 ≤ Brðh → eτÞ < 4.7 × 10−3].

FIG. 14. Current limit on lepton flavor violating decay h → μτ. A reasonable parameter space is selected to scatter points, with blue
[0 < Brðh → μτÞ < 5 × 10−4], yellow [5 × 10−4 ≤ Brðh → μτÞ < 1 × 10−3], green [1 × 10−3 ≤ Brðh → μτÞ < 2 × 10−3], and red
[2 × 10−3 ≤ Brðh → μτÞ < 2.5 × 10−3].
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GeV2 < M2
Ẽ23

< 6 × 104 GeV2, and red parts are mainly
in 6 × 104 GeV2 < M2

Ẽ23
< 7 × 104 GeV2. We can clearly

see that the change trend of Fig. 14(a) is more obvious than
that of Fig. 14(b).

VI. DISCUSSION AND CONCLUSION

In this paper, we study the LFV processes Z → li�lj∓
and h → li�lj∓ in theUð1ÞXSSM.We take into account the
one loop diagrams which include the self-energy diagram
and the triangle diagram. In the numerical calculation, we
scan large parameter spaces and find rich numerical results.
In the parameter space we use, the numerical results show
that the rates for BrðZ → li�lj∓Þ and Brðh → li�lj∓Þ can
almost reach their present experimental upper bounds. The
numerical analyses indicate that M1, M2, gYX, tan β are
important parameters. The sensitive parameters are M2

Ẽij
,

M2
L̃ij

, M2
ν̃ij, Tνij, and Teijði ≠ jÞ because they strongly

affect the results. On the whole, the nondiagonal elements
which correspond to the generations of the initial lepton
and final lepton are the main sensitive parameters and LFV
sources. Most parameters can break the upper limit of the
experiment and provide new ideas for finding NP.
From the numerical results, the branching ratios of

Z → eμ, Z → eτ, Z → μτ and h → eμ, h → eτ, h → μτ
depend on the slepton flavor mixing parameters. Through
data analysis, we find that the branching ratio of Z → eμ
can reach 10−11. The branching ratios of Z → eτ and Z →
μτ can reach 10−9. The branching ratio of h → eμ can reach
10−5. The branching ratios of h → eτ and h → μτ can reach
10−3. It is not difficult to find that the numerical results of
the processes h → eτ and h → μτ are very close, and the
numerical results of the processes Z → eτ and Z → μτ are

very close. The branching ratios of h → eμ, h → eτ, h →
μτ in the Uð1ÞXSSM are close to the corresponding
experimental upper limits of Brðh → eμÞ, Brðh → eτÞ,
and Brðh → μτÞ, which may be detected in the future.
The numerical study is performed in terms of the most

relevant model parameters. It shows that the flavor mixing
parameters (such asM2

Ẽ12
andM2

L̃12
) are very important and

will be most efficiently tested at the LHC and future
colliders (such as CEPC/FCC-ee). At future colliders,
the higher statistics of Higgs boson and Z boson events
will be achieved, and the sensitivities of future colliders can
obviously be improved. Note that M2

Ẽ12
and M2

L̃12
are the

core parameters for Z → eμ and h → eμ. Larger M2
Ẽ12

and
M2

L̃12
can obviously improve the branching ratios

[BrðZ → eμÞ and Brðh → eμÞ], and they are in the reach-
able region of the LHC. As the typical parameter of the
Uð1ÞXSSM, MS is the mass for the super partner of the
Higgs singlet S, which appears in the mass squared matrix
of the Higgs and the mass matrix of the neutralino. Thus,
the search forMS should relate to the Higgs decays, and the
processes should relate to the neutralino. We hope that the
LFV decays Z → li�lj∓ and h → li�lj∓ can be detected at
the LHC and future colliders.
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APPENDIX: THE COUPLINGS

The concrete forms of the coupling coefficients corre-
sponding to Fig. 1 are shown as follows:

Figure 1(a): S1 ¼ ν̃n, S2 ¼ ν̃m, F ¼ χc,
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Figure 1(b): S1 ¼ L̃n, S2 ¼ L̃m, F ¼ χ0,
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Figure 1(c): S1 ¼ H�, S2 ¼ H�, F ¼ ν,
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Figure 1(d): F1 ¼ χcn, F2 ¼ χcm, S ¼ ν̃,

HSF2 l̄i
L ð4Þ ¼ −

1ffiffiffi
2

p U�
m2Z

I;�
pi Ye;i;

	
iffiffiffi
2

p U�
m2Z

R;�
pi Ye;i



;

HSF2 l̄i
R ð4Þ ¼ 1ffiffiffi

2
p g2Z

I;�
pi Vm1;

	
−

iffiffiffi
2

p g2Z
R;�
pi Vm1



;

H
S�ljF̄1

L ð4Þ ¼ −
1ffiffiffi
2

p g2Z
I;�
pjV

�
n1;

	
−

iffiffiffi
2

p g2Z
R;�
pj V

�
n1



;

H
S�ljF̄1

R ð4Þ ¼ 1ffiffiffi
2

p ZI;�
pj Y

�
e;jUn2;

	
iffiffiffi
2

p ZR;�
pj Y

�
e;jUn2



;

HZF1F̄2

L ð4Þ ¼ iffiffiffi
2

p ð2g2U�
m1 cos θW cos θ0WUn1 þ U�

m2ð−g1 cos θ0W sin θW

þ g2 cos θW cos θ0W þ ðgYX þ gXÞ sin θ0WÞUn2Þ;

HZF1F̄2

R ð4Þ ¼ iffiffiffi
2

p ð2g2U�
n1 cos θW cos θ0WUm1 þ U�

n2ð−g1 cos θ0W sin θW

þ g2 cos θW cos θ0W þ ðgYX þ gXÞ sin θ0WÞUm2Þ: ðA4Þ

WANG, ZHAO, WANG, WANG, LONG, MA, and FENG PHYS. REV. D 106, 055044 (2022)

055044-18



Figure 1(e): F1 ¼ χ0n, F2 ¼ χ0m, S ¼ L̃,
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Figure 1(f): F1 ¼ νn, F2 ¼ νm, S ¼ H�,
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Figure 1(g): W1, W2, F ¼ ν,
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Figure 1(h): F1 ¼ νn, F2 ¼ νm, W,
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