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We analyze the charged lepton flavor violating (CLFV) decays of vector mesons V → l�i l
∓
j with V ∈

fϕ; J=Ψ;ϒ; ρ0;ωg in the BLMSSM model. This new model is introduced as a supersymmetric extension
of the Standard Model (SM), where local gauged baryon number B and lepton number L are considered.
The numerical results indicate the BLMSSMmodel can produce significant contributions to such two-body
CLFV decays, and the branching ratios to these CLFV processes can easily reach the present experimental
upper bounds. Therefore, searching for CLFV processes of vector mesons may be an effective channel to
study new physics.
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I. INTRODUCTION

The neutrino oscillation experiments have convinced us
that neutrinos possess tiny masses and mix with each other
[1–9]. This phenomenon shows that the charged lepton
flavor violating (CLFV) process [10–12] is strongly sup-
pressed in the standard model (SM). Therefore, CLFV
processes are considered as evidence for the study of new
physics beyond the SM. Physicists now do more research
on the CLFV decays of vector mesons in various SM
extensions, such as grand unified models [13,14], super-
symmetric models with and without R-party [15–17], left-
right symmetry models [18,19], and Z’models [20,21], etc.
In our previous work, we investigate these CLFV processes
in the framework of MSSM with a type-I see-saw mecha-
nism[22,23], and some of the theoretical evaluations on
CLFV processes fit better with the experimental upper
bounds, such as J=ΨðϒÞ → l�i l

∓
j with li, lj ∈ fe; μ; τg.

However, the predictions on processes ϕðρ0;ωÞ → eþμ− in
the MSSM with the type-I seesaw mechanism are around
10−20, which are far below the present experimental upper
bounds.

Current experiments naturally suggest searching for two-
body decays of vector mesons in the e�μ∓ final state.
Considering the experimental constraints on the processes
lj → 3li and lj → li þ γ, many experts have studied the
CLFV processes involving vector mesons V → l�i l

∓
j with

V ∈ fϕ; J=Ψ;ϒ; ρ0;ωg and li, lj ∈ fe; μ; τg [24,25].
Likewise, the constraints on the μ − e conversion are also
taken into account on these processes [26–28]. Currently,
PDG [29] give independent experimental upper limits of
the two-body decays of vector mesons, which are shown as

Brðϕ → eþμ−Þ ≤ 2.0 × 10−6;

BrðJ=Ψ → eþμ−Þ ≤ 1.6 × 10−7;

BrðJ=Ψ → eþτ−Þ ≤ 8.3 × 10−6;

BrðJ=Ψ → μþτ−Þ ≤ 2.0 × 10−6;

Brðϒ → μþτ−Þ ≤ 6.0 × 10−6: ð1Þ

As an extension of the minimal supersymmetric standard
model (MSSM)[15,16,30,31], the gauged baryon number
(B) and lepton number (L) are added in the BLMSSM
[32–35]. Compared with the MSSM possessing R-parity
conservation, there are new parameters and new contribu-
tions to CLFV processes. We introduce the local gauged B
to explain the matter-antimatter asymmetry in the universe.
Lepton number L is expected to be broken spontaneously at
the TeV scale. Furthermore, right-handed neutrinos are
considered to explain the neutrino oscillation experiments.
In our work, the CLFV processes of vector mesons
(ϕðJ=Ψ;ϒ; ρ0;ωÞ → eþμ− and J=ΨðϒÞ → eþτ−ðμþτ−Þ)
are investigated within the BLMSSM. Let us assume that
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a vector meson Vi couples to e�μ∓, and the corresponding
effective Lagrangian can be written as [25–28]

Leff ¼ Vν
i ðξMV μ̄γνeþ ξMA μ̄γνγ5eþ H:c:Þ; ð2Þ

where Vi is a quark-antiquark bound state like ϕ; J=
Ψ;ϒ; ρ0;ω:ξMV;A represent the effective couplings of the
vector meson Vi to the CLFV lepton currents.
This work is organized as follows: In Sec. II, we describe

the BLMSSM model briefly, including the corresponding
interaction Lagrangian, needed mass matrices, and cou-
plings. We derive the analytic results of amplitudes for
diagrams in Sec. III. In Sec. IV, we give the corresponding
parameters and numerical results, and the conclusion is
shown in Sec. V. In the Appendix, we discuss the
corresponding hadron matrix elements, one-loop integral
functions, and the superfields in the BLMSSM.

II. BLMSSM

In this work, we study a supersymmetric model where
baryon (B) and lepton (L) numbers are local gauge sym-
metries. This model is defined as the BLMSSM and the

corresponding local gauge group is SUð3ÞC ⊗ SUð2ÞL ⊗
Uð1ÞY ⊗ Uð1ÞB ⊗ Uð1ÞL [32,36,37]. In the BLMSSM, the
local B and L are spontaneously broken at the TeV scale.
In order to cancel the B and L anomalies, a vectorlike
family is needed, which are Q̂4; Û

c
4; D̂

c
4; L̂4; Ê

c
4; N̂

c
4 and

Q̂c
5; Û5; D̂5; L̂

c
5; Ê5; N̂5. The corresponding superfields pre-

sented in the BLMSSM are shown in Table I of the
Appendix. To break the baryon number and lepton number
spontaneously, the model introduces the Higgs superfields
Φ̂B, φ̂B and Φ̂L φ̂L, respectively. After these Higgs super-
fields acquire nonzero vacuum expectation values (VEVs),
the exotic quarks and leptons obtain masses. Furthermore,
the introduction of superfields X̂ and X̂0 is tomake the exotic
quarks avoid stability.Actually, the lightest one can be a dark
matter candidate.
The superpotential of the BLMSSM is written as

WBLMSSM ¼ WMSSM þWB þWL þWX; ð3Þ

where WMSSM represents the superpotential of the MSSM,
and the concrete forms of superpotentials WB, WL, and
WX are given as

WB ¼ λQQ̂4Q̂
c
5Φ̂B þ λUÛ

c
4Û5φ̂B þ λDD̂

c
4D̂5φ̂B þ μBΦ̂Bφ̂B þ Yu4Q̂4ĤuÛ

c
4 þ Yd4Q̂4ĤdD̂

c
4 þ Yu5Q̂

c
5ĤdÛ5 þ Yd5Q̂

c
5ĤuD̂5;

WL ¼ Ye4L̂4ĤdÊ
c
4 þ Yν4L̂4ĤuN̂

c
4 þ Ye5L̂

c
5ĤuÊ5 þ Yν5L̂

c
5ĤdN̂5 þ YνL̂ĤuN̂

c þ λNcN̂cN̂cφ̂L þ μLΦ̂Lφ̂L;

WX ¼ λ1Q̂Q̂c
5X̂ þ λ2Û

cÛ5X̂
0 þ λ3D̂

cD̂5X̂
0 þ μXX̂X̂

0: ð4Þ

The soft breaking terms Lsoft in the BLMSSM can be found in our previous work [38–40].
In the BLMSSM, the SUð2ÞL doublets Hu, Hd and singlets ΦB, φB, ΦL, φL obtain the nonzero VEVs υu, υd and υB, ῡB,

υL, ῡL, respectively, then the local gauge symmetry SUð2ÞL ⊗ Uð1ÞY ⊗ Uð1ÞB ⊗ Uð1ÞL breaks down to the electro-
magnetic symmetry Uð1Þe.

Hu ¼
� Hþ

u
1ffiffi
2

p ðυu þH0
u þ iP0

uÞ
�
; Hd ¼

� 1ffiffi
2

p ðυd þH0
d þ iP0

dÞ
H−

d

�
; ΦB ¼ 1ffiffiffi

2
p ðυB þΦ0

B þ iP0
BÞ;

φB ¼ 1ffiffiffi
2

p ðῡB þ φ0
B þ iP̄0

BÞ; ΦL ¼ 1ffiffiffi
2

p ðυL þΦ0
L þ iP0

LÞ; φL ¼ 1ffiffiffi
2

p ðῡL þ φ0
L þ iP̄0

LÞ: ð5Þ

In this model, we introduce the superfields N̂c, so three neutrinos obtain tiny masses through the see-saw mechanism. In
the basis ðψνIL

;ψNcI
R
Þ, the mass matrix of neutrinos is deduced after the symmetry breaking,

Z⊤
Nν

 
0 vuffiffi

2
p ðYνÞIJ

vuffiffi
2

p ðYT
ν ÞIJ v̄Lffiffi

2
p ðλNcÞIJ

!
ZNν

¼ diagðmναÞ; α ¼ 1…6; I; J ¼ 1; 2; 3;

ψνIL
¼ ZIα

Nν
k0Nα

; ψNcI
R
¼ ZðIþ3Þα

Nν
k0Nα

; χ0Nα
¼
� k0Nα

k̄0Nα

�
: ð6Þ

Here, χ0Nα
represent the mass eigenstates of the neutrino fields mixed by left-handed and right-handed neutrinos.

Similarly, with the introduced superfields N̂c, we can also obtain the mass squared matrix of sneutrinos in the base
ñT ¼ ðν̃; ÑcÞ, and this matrix is more complicated than that in the MSSM.
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�
M2

ñðν̃�I ν̃JÞ M2
ñðν̃IÑc

JÞ
ðM2

ñðν̃IÑc
JÞÞ† M2

ñðÑc�
I Ñc

JÞ

�
; ð7Þ

where

M2
ñðν̃�I ν̃JÞ ¼

g21 þ g22
8

ðv2d − v2uÞδIJ þ g2Lðv̄2L − v2LÞδIJ þ
v2u
2
ðY†

νYνÞIJ þ ðm2
L̃
ÞIJ;

M2
ñðÑc�

I Ñc
JÞ ¼ −g2Lðv̄2L − v2LÞδIJ þ

v2u
2
ðY†

νYνÞIJ þ 2v̄2Lðλ†NcλNcÞIJ þ ðm2
ÑcÞIJ þ μL

vLffiffiffi
2

p ðλNcÞIJ −
v̄Lffiffiffi
2

p ðANcÞIJðλNcÞIJ;

M2
ñðν̃IÑc

JÞ ¼ μ�
vdffiffiffi
2

p ðYνÞIJ − vuv̄LðY†
νλNcÞIJ þ

vuffiffiffi
2

p ðANÞIJðYνÞIJ: ð8Þ

Through matrix Zν, the mass matrix can be diagonalized.
With the new gaugino λL and the superpartners of SUð2ÞL singlets ΦL, φL mixing together, the mass matrix of lepton

neutralinos χ0L is produced. In the base ðiλL;ψΦL
;ψφL

Þ, we can diagonalize the mass matrix χ0L by ZNL
.

Lχ0L
¼ 1

2
ðiλL;ψΦL

;ψφL
Þ

0
B@

2ML 2vLgL −2v̄LgL
2vLgL 0 −μL
−2v̄LgL −μL 0

1
CA
0
B@

iλL
ψΦL

ψφL

1
CAþ H:c: ð9Þ

From the contributions of the superpotential and the soft breaking terms, the corrected form for the slepton mass squared
matrix reads as

� ðM2
LÞLL ðM2

LÞLR
ðM2

LÞ†LR ðM2
LÞRR

�
; ð10Þ

where

ðM2
LÞLL ¼ ðg21 − g22Þðv2d − v2uÞ

8
δIJ þ g2Lðv̄2L − v2LÞδIJ þm2

lIδIJ þ ðm2
L̃
ÞIJ;

ðM2
LÞLR ¼ μ�vuffiffiffi

2
p ðYlÞIJ −

vuffiffiffi
2

p ðA0
lÞIJ þ

vdffiffiffi
2

p ðAlÞIJ;

ðM2
LÞRR ¼ g21ðv2u − v2dÞ

4
δIJ − g2Lðv̄2L − v2LÞδIJ þm2

lIδIJ þ ðm2
R̃
ÞIJ: ð11Þ

Then the mass matrix can be rotated to the mass eigenstates
by the unitary matrix ZL̃.
In the BLMSSM, the introduced superfields N̂c lead to

corrections for the couplings existing in MSSM.We deduce
some corrected couplings, such as W-lepton-neutrino and
Z-neutrino-neutrino couplings, which are shown as

LWlν ¼ −
effiffiffi
2

p
sW

Wþ
μ

X3
I¼1

X6
α¼1

ZIα�
Nν

χ̄0Nα
γμPLlI;

LZνν ¼ −
e

2sWcW
Zμ

X3
I¼1

X6
α;β¼1

ZIα�
Nν

ZIβ
Nν
χ̄0Nα

γμPLχ
0
Nβ
; ð12Þ

where PL ¼ 1−γ5
2

and PR ¼ 1þγ5
2
. We define sW ¼ sin θW ,

cW ¼ cos θW , and θW is the Weinberg angle.

The Z-sneutrino-sneutrino coupling is deduced as

LZν̃ ν̃ ¼ −
e

2sWcW
Zμ

X3
I¼1

X6
i;j¼1

ZIi�
ν ZIj

ν ν̃i�ið∂⃗μ − ∂⃖μÞν̃j: ð13Þ

We also obtain the chargino-lepton-sneutrino coupling:

Lχ�lν̃ ¼ −
X3
I¼1

X6
i¼1

X2
j¼1

χ̄−j

�
YI
lZ

2j�
− ZIi�

ν PR þ
�
e
sW

Z1j
þZIi�

ν

þ YIi
ν Z

2j
þZ

ðIþ3Þi�
ν

�
PL

�
lI ν̃i� þ H:c: ð14Þ

Considering the interactions of gauge and matter mul-

tiplets ig
ffiffiffi
2

p
Ta
ijðλaψ jA�

i − λ̄aψ̄ iAjÞ, we deduce a new
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coupling for the lepton-slepton-lepton neutralino. The
corresponding form for this coupling is written as

Llχ0LL̃
¼

ffiffiffi
2

p
gLχ̄0Lj

ðZ1j
NL
ZIi
L̃
PL − Z1j�

NL
ZðIþ3Þi
L̃

PRÞlIL̃þ
i þ H:c:

ð15Þ

III. THE AMPLITUDES FOR CLFV DECAYS
OF VECTOR MESONS

In the BLMSSM, the CLFV decays of vector mesons
V → l�i l

∓
j with V ∈ fϕ; J=Ψ;ϒ; ρ0;ωg and li, lj ∈

fe; μ; τg are studied. We know that the meson consists
of the quark and antiquark. The meson ϕ is made up of ss̄;
J=Ψ is constituted of cc̄; ϒ is composed of bb̄; ρ0 is

(a) (b) (c) (d)

(e) (f) (g)

(i) (j) (k)

(h)

FIG. 2. The penguin-type diagrams for processes V → l�i l
∓
j .

(a) (b) (c) (d)

(e) (f) (g) (h)

FIG. 1. The self-energy-type diagrams for processes V → l�i l
∓
j , with q representing u, c, d, s, b.
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comprised of 1ffiffi
2

p ðuū − dd̄Þ, and ω consists of 1ffiffi
2

p ðuūþ dd̄Þ.
We depict the relevant Feynman diagrams contributing to
these processes in Figs. 1, 2, and 3.
In the quark picture, mesons are composed of a quark

and an antiquark. QCD has the property of “quark confine-
ment,” so the traditional way to the perturbative calculation
cannot work. At the quark-gluon level, the complicated
calculation of loop integrations is governed by the non-
perturbative QCD effects. However, a completely reliable
way to these nonperturbative QCD effects is lacking at
present. Therefore, as a powerful phenomenological model,
a sum rule for the light-cone wave function [41–45] is
adopted, which is widely used in the theoretical research of
particle physics and nuclear physics.
To obtain the decay amplitude of processes involving a

vector meson, one needs to calculate the matrix elements of
gauge invariant nonlocal operators [44,45],

h0jq̄ðyÞΓ½x; y�qðxÞjVi; ð16Þ

where Γ½x; y� is a generic Dirac matrix structure, and x and
y represent the coordinates of quark and antiquark. The
leading-twist distribution amplitude of the vector meson V
can be defined by the correlator [44,45]

h0jq̄αðyÞqβðxÞjVðpÞi

¼ δij
4Nc

Z
1

0

due−iðupyþūpxÞ½fVmV=εVV jjðuÞ

þ i
2
σμ

0ν0f⊤V ðεVμ0pν0 − εVν0pμ0 ÞV⊥ðuÞ�βα; ð17Þ

where mV and εV are, respectively, the mass and polari-
zation vector of the vector meson, fV and f⊤V are the meson
decay constants, and V jjðuÞ and V⊥ðuÞ represent
the leading-twist distribution functions corresponding to
the longitudinally and transversely polarized mesons. The
momentum p satisfies p2 ¼ m2

V , which shows that the
meson momentum is on-shell. The integration variable u
stands for the momentum fraction carried by the quark,
and ū≡ 1 − u corresponds to the momentum fraction of
the antiquark. In our calculation, we make V jj ¼ V⊥ ¼
VðuÞ ¼ 6uð1 − uÞ, the reason is that the meson amplitudes
are similar to their asymptotic form[46]. We take the
number of colors Nc ¼ 3. The corresponding hadron
matrix elements we used in our work are discussed in
Appendix.
In the frame of center of mass, the amplitude of decay

V → l�i l
∓
j can be shown at hadron level.

A. Decays for self-energy type diagrams

We can generally write the effective amplitudes of γ
lepton self-energy type diagrams corresponding to
Figs. 1(a)–1(d):

Aγ−s ¼ ūjðp4ÞγμðALPL þ ARPRÞviðp3Þ
×

e
p2

v̄Vðp2ÞHγqq̄
V γμuVðp1Þ; ð18Þ

where p represents the momentum corresponding to meson
V, p1 and p2 represent the quark and antiquark momen-
tums, respectively, p3 and p4 represent the lepton and
antilepton momentums, respectively. ūj and vi are the wave
functions for the external leptons, with i (j) representing the
ith- (jth-) generation charged lepton. As well as, v̄V and uV
are the wave functions for the external quarks, with V
representing mesons, here, V ∈ fϕ; J=Ψ;ϒ; ρ0;ωg. Hγqq̄

V
are the corresponding couplings for the different mesons.
The Wilson coefficients AL and AR are shown as follows.
AL;RðSÞ stand for the contributions from Figs. 1(a) and

1(b), which are obtained with the sum of these diagrams’
amplitudes.

ALðSÞ¼
X

F¼χ0=χ0L;χ
�

X
S¼L̃;ν̃

1

xi−xj

�
−2

ffiffiffiffiffiffiffiffiffi
xFxi

p
H

l̄jFS
R HliF̄S�

R I1ðxF;xSÞþ½ðxi ffiffiffiffiffiffiffiffiffi
xFxj

p
H

l̄jFS
L HliF̄S�

L −xj
ffiffiffiffiffiffiffiffiffi
xFxi

p
H

l̄jFS
R HliF̄S�

R �½I2ðxF;xSÞ

−I3ðxF;xSÞ�þ
�
1

2
ðxj−xiÞHl̄jFS

R HliF̄S�
L þ ffiffiffiffiffiffiffiffi

xixj
p

H
l̄jFS
L HliF̄S�

R

�
I5ðxF;xSÞ

�
;

ARðSÞ¼ALðSÞjL↔R; ð19Þ

with x ¼ m2=Λ2, m is the mass of the corresponding particle and Λ is the energy scale of the new physics.
The virtual W diagrams Figs. 1(c) and 1(d) have contributions to the meson decay processes. The corresponding

couplings AL;RðWÞ are shown as

FIG. 3. The box type diagrams for processes V → l�i l
∓
j .
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ALðWÞ ¼
X
F¼ν

xi þ xj
xi − xj

H
l̄jFW
L HliF̄W�

L I5ðxF; xWÞ; ARðWÞ ¼ 0: ð20Þ

In the same way, we deduced the effective amplitudes of the Z-lepton self-energy-type diagrams of Figs. 1(e)–1(h),

AZ−s ¼ ūjðp4ÞγμðBLPL þ BRPRÞviðp3Þ
1

p2 −m2
Z
v̄Vðp2ÞγμðHZqq̄

L PL þHZqq̄
R PRÞuVðp1Þ: ð21Þ

The contributions from Figs. 1(e) and 1(f) are denoted by BL;RðSÞ. We give out the concrete forms as follows,

BLðSÞ ¼
X

F¼χ0=χ0L;χ
�

X
S¼L̃;ν̃

1

xi − xj

�
−2

ffiffiffiffiffiffiffiffiffi
xFxi

p
H

Zl̄ilj
L H

l̄jFS
R HliF̄S�

R I1ðxF; xSÞ

þ
�
ðxi ffiffiffiffiffiffiffiffiffi

xFxj
p

H
Zl̄ilj
L H

l̄jFS
L HliF̄S�

L − xj
ffiffiffiffiffiffiffiffiffi
xFxi

p
H

Zl̄ilj
L H

l̄jFS
R HliF̄S�

R

�
½I2ðxF; xSÞ − I3ðxF; xSÞ�

þ
�
1

2
ðxj − xiÞHZl̄ilj

L H
l̄jFS
R HliF̄S�

L þ ffiffiffiffiffiffiffiffi
xixj

p
H

Zl̄ilj
L H

l̄jFS
L HliF̄S�

R

�
I5ðxF; xSÞ

�
;

BRðSÞ ¼ BLðSÞjL↔R: ð22Þ

The corresponding coefficients for Figs. 1(g) and 1(h) are described by BL;RðWÞ,

BLðWÞ ¼
X
F¼ν

xi þ xj
xi − xj

H
Zl̄ilj
L H

l̄jFW
L HliF̄W�

L I5ðxF; xWÞ; BRðWÞ ¼ 0: ð23Þ

B. Decays for penguin-type diagrams

In Fig. 2, we give out the corresponding penguin-type diagrams for decays V → l�i l
∓
j . When the external leptons are all

on-shell, we obtain the effective amplitudes of γ penguin-type diagrams,

Aγ−p ¼ ūjðp4Þ½γμðCL
1PL þ CR

1PRÞ þ iσμνpνðCL
2PL þ CR

2PRÞ�viðp3Þ ×
e
p2

v̄Vðp2ÞHγqq̄
V γμuVðp1Þ: ð24Þ

CL;R
1 ðnÞ; CL;R

2 ðnÞ represent the contributions from the virtual neutral fermion diagrams Figs. 2(a) and 2(b):

CL
1 ðnÞ ¼

X
F¼χ0=χ0L

X
S¼L̃

H
SFl̄j
R HS�liF̄

L

�
1

2
I5ðxF; xSÞ þ

p2

6Λ2
I4ðxF; xSÞ

�
;

CL
2 ðnÞ ¼

X
F¼χ0=χ0L

X
S¼L̃

mF

Λ2
H

SFl̄j
L HS�liF̄

L ½I2ðxF; xSÞ − I3ðxF; xSÞ�;

CR
α ðnÞ ¼ CL

α ðnÞjL↔R; α ¼ 1; 2: ð25Þ

The couplings coefficients CL;R
1 ðcÞ; CL;R

1 ðcÞ for Fig. 2(c) are written as

CL
1 ðcÞ ¼

X
F¼χ�

X
S¼ν̃

H
SFl̄j
R HS�liF̄

L

�
1

2
I5ðxS; xFÞ þ xFI3ðxS; xFÞ þ

p2

6Λ2
ð3I2ðxS; xFÞ − I4ðxS; xFÞÞ

�
;

CL
2 ðcÞ ¼ −

X
F¼χ�

X
S¼ν̃

mF

Λ2
H

SFl̄j
L HS�liF̄

L I2ðxS; xFÞ; CR
α ðcÞ ¼ CL

α ðcÞjL↔R; α ¼ 1; 2: ð26Þ
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We also acquire the contributions CL;R
1 ðWÞ; CL;R

1 ðWÞ from Fig. 2(d), which are in the following forms:

CL
1 ðWÞ ¼

X
F¼ν

H
WFl̄j
L HW�liF̄

L

�
I5ðxF; xWÞ þ

p2

Λ2

�
−2I2ðxF; xWÞ þ

1

3
I4ðxF; xWÞ

��
; CL

2 ðWÞ ¼ CR
α ðWÞ ¼ 0; α ¼ 1; 2:

ð27Þ
Using the same method as the γ penguin-type diagrams, the effective Lagrangian for the Z penguin-type diagrams is

deduced as follows. Here, we just give out the dominate contributions of the effective operators:

Az−p ¼ ūjðp4ÞγμðDLPL þDRPRÞviðp3Þ
1

p2 −m2
Z
v̄ðp2ÞγμðHzqq̄

L PL þHzqq̄
R PRÞuðp1Þ: ð28Þ

The concrete contributions for DL;RðSÞ are encoded as follows, which correspond to Figs. 2(e)–2(i):

DLðSÞ ¼ −
1

2

X
F¼χ0;χ�

X
S¼L̃;ν̃

½−2 ffiffiffiffiffiffiffiffiffiffiffiffiffi
xF1

xF2

p
H

SF2 l̄j
L HZF1F̄2

R HS�liF̄1

L G1ðxS; xF1
; xF2

Þ þH
SF2 l̄j
R HZF1F̄2

R HS�liF̄1

L G2ðxS; xF1
; xF2

Þ

−H
S2Fl̄j
R HZS1S�2H

S�
1
liF̄

L G2ðxF; xS1 ; xS2Þ� þ
1

2

X
F¼χ0L

X
S¼L̃

½HS2Fl̄j
R HZS1S�2H

S�
1
liF̄

L G2ðxF; xS1 ; xS2Þ�;

DRðSÞ ¼ DLðSÞjL↔R: ð29Þ
We also deduce the effective couplings DL;RðWÞ in detail, which are written as

DLðWÞ ¼
X
F¼ν

H
WFl̄j
L HZWW�

HW�liF̄
L

�
I5ðxF; xWÞ þ

p2

Λ2

�
−2I2ðxF; xWÞ þ

1

3
I4ðxF; xWÞ

��

−H
WF2 l̄j
L HZF2F̄2HW�liF̄1

L G2ðxW; xF1
; xF2

Þ; DRðWÞ ¼ 0: ð30Þ
Then, we discuss the contributions of the box-type diagrams in Fig. 3. To simplify the corresponding amplitudes, we need

to swap the position of the wave functions uðp1Þ and viðp3Þ. The method is named as Fierz rearrangement, and the
corresponding transformation rules and characters can be learned from Refs. [47–49]. After that, the reduced results of the
amplitudes can be written as

Abox ¼ fNL
1 ūjðp4ÞγμPLviðp3Þv̄ðp2ÞγμPLuðp1Þ þ ðL ↔ RÞg þ fNL

2 ½ūjðp4Þσμνviðp3Þv̄ðp2ÞσμνPLuðp1Þ þ ðL ↔ RÞg
þ fNL

3 ½ūjðp4ÞγμPRviðp3Þv̄ðp2ÞγμPLuðp1Þ þ ðL ↔ RÞg; ð31Þ
where

NL
1 ¼ 1

4

X
F1;F2¼χ0;χ�

X
S1¼Q̃

X
S2¼L̃;ν̃

HqS1F̄2

L H
q̄S�

1
F1

R HliS2F̄1

L H
l̄jS�2F2

R J1ðxF1
; xF2

; xS1 ; xS2Þ;

NL
2 ¼ −

ffiffiffiffiffiffiffiffiffiffiffiffiffixF1
xF2

p
8

X
F1;F2¼χ0;χ�

X
S1¼Q̃

X
S2¼L̃;ν̃

HqS1F̄2

L H
q̄S�

1
F1

L HliS2F̄1

L H
l̄jS�2F2

L J2ðxF1
; xF2

; xS1 ; xS2Þ;

NL
3 ¼ −

ffiffiffiffiffiffiffiffiffiffiffiffiffixF1
xF2

p
2

X
F1;F2¼χ0;χ�

X
S1¼Q̃

X
S2¼L̃;ν̃

HqS1F̄2

L H
q̄S�

1
F1

R HliS2F̄1

R H
l̄jS�2F2

L J2ðxF1
; xF2

; xS1 ; xS2Þ: ð32Þ

In Eqs. (18)–(32), Hγqq̄
V ; H

l̄jFS
L;R ;… represent the corresponding couplings in the Lagrangian. The one-loop functions

Iiðx1; x2Þ; i ¼ 1; 2;…; 5, Giðx1; x2; x3Þ; i ¼ 1, 2, and Jiðx1; x2; x3; x4Þ; i ¼ 1, 2 are shown in the Appendix.
The branching ratios for processes V → l�i l

∓
j can be deduced as

BrðV→ l�i l
∓
j Þ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½m2

V−ðmli þmljÞ2�½m2
V −ðmli −mljÞ2�

q
16πm3

VΓV

X
ξ

AVξ
A�

Vξ
; ð33Þ
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where ΓV represents the total decay width of meson V (with
V ∈ fϕ; J=Ψ;ϒ; ρ0;ωg and li, lj ∈ fe; μ; τg). We chose
Γϕ ≃ 4.2 × 10−3 GeV, ΓJ=Ψ ≃ 0.093 × 10−3 GeV, Γϒ ≃
0.054×10−3 GeV, Γρ0 ≃0.149GeV, Γω≃8.49×10−3 GeV
[29]. AVξ

are the amplitudes corresponding to Figs. 1, 2,

and 3. Summation formula
P

λ¼�1;0ε
μ
λðpÞε�νλ ðpÞ ¼ −gμν þ

pμpν

m2
V

can be used to simplify
P

ξAVξ
A�
Vξ
.

IV. NUMERICAL RESULTS

In the numerical analysis, we consider the experimental
constraints from the light neutral Higgs mass mh0 ≃
125 GeV [50–52] and the neutrino experiment data
[1,4,5,53,54],

sin2θ13 ¼ ð2.19� 0.12Þ × 10−2;

sin2θ12 ¼ 0.304� 0.014;

sin2θ23 ¼ 0.51� 0.05;

Δm2
⊙ ¼ ð7.53� 0.18Þ × 10−5 eV2;

jΔm2
Aj ¼ ð2.44� 0.06Þ × 10−3 eV2: ð34Þ

In our previous works, Brðμ→eγÞ<5.7×10−13, Brðμ→
3eÞ<1.0×10−12, and BrðZ→eμÞ<7.5×10−7 [24,29,55]
are strict constraints for our parameter space. In this work,
we take the same parameter space satisfying the constraints
of processes μ → eγ; μ → 3e, and Z → eμ.
In this work, the meson masses are adopted as

mϕ ¼ 1.019, mJ=Ψ ¼ 3.096, mϒ ¼ 9.460, mρ0 ¼ 0.775,
and mω ¼ 0.782 GeV. The decay constants for the corre-
sponding mesons are shown as fϕ ¼ 0.231, fJ=Ψ ¼ 0.405,
fϒ ¼ 0.715, fρ0 ¼ 0.209, and fω ¼ 0.195 GeV. Further-
more, some other parameters we used are shown as follows
[29,56]:

me¼0.51×10−3 GeV; mμ¼0.105GeV;

mτ¼1.777GeV; L4¼
3

2
; mu¼2.2×10−3 GeV;

mc¼1.27GeV; mt¼173.2GeV; B4¼
3

2
;

md¼4.7×10−3GeV; ms¼0.096GeV;

mb¼4.18GeV; λNc ¼1; mZ¼91.1876GeV;

mW ¼80.385GeV; αðmZÞ¼1=128;

s2WðmZÞ¼0.23; ðYνÞ11¼1.3031�10−6;
ðYνÞ12¼9.0884�10−8; ðYνÞ13¼6.9408�10−8;
ðYνÞ22¼1.6002�10−6; ðYνÞ23¼3.4872�10−7;
ðYνÞ33¼1.7208�10−6: ð35Þ
We assume μ ¼ 0.7 TeV, μL ¼ 0.5 TeV, Λ ¼ ML ¼

ðAuÞii ¼ ðAdÞii ¼ ðA0
dÞii ¼ ðmÑcÞii ¼ 1 TeV, ðAlÞii ¼

−2 TeV, ðANcÞii ¼ ðANÞii ¼ 0.5 TeV, ðA0
uÞii ¼ 0.8 TeV,

ðA0
lÞii ¼ A0

L, and ðmQ̃Þii ¼ ðmŨÞii ¼ ðmD̃Þii ¼ 2 TeV,

where i ¼ 1, 2, 3. tan βL ¼ v̄L=vL and VLt
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v̄2L þ v2L

p
.

The diagonal entries of matrices m2
L̃
and m2

R̃
are supposed

as ðm2
L̃
Þii ¼ ðm2

R̃
Þii ¼ S2m and nondiagonal terms ðm2

L̃
Þij ¼

ðm2
R̃
Þij ¼ M2

Lf
, with i ≠ j and i, j ¼ 1, 2, 3. m1 represents

the gaugino mass in Uð1Þ, and m2 represents the gaugino
mass in SUð2Þ. We takem1 ¼ 0.5 TeV. Generally, if we do
not specify, the nondiagonal elements of the parameters are
defined as zero.

A. V → e+ μ−
At first, we discuss the CLFV decays of vector mesons

V → eþμ− with V ∈ fϕ; J=Ψ;ϒ; ρ0;ωg. The branching
ratios for processes ϕðJ=ΨÞ → eþμ− are strict. The corre-
sponding experimental limits are Brðϕ → eþμ−Þ ≤
2.0 × 10−6 at 90% confidence level and BrðJ=Ψ→eþμ−Þ≤
1.6×10−7 at 95% confidence level.
As the diagonal elements of the mass matrices m2

L̃
and

m2
R̃
, Sm present in the mass matrices of slepton and

sneutrino. And the CLFV processes can be influenced
by slepton-neutralino, slepton-lepton neutralino, and
chargino-sneutrino contributions. At this subsection, the
parameters are supposed to be tan β ¼ 6, m2 ¼ 0.5 TeV,
gL ¼ 0.1, tan βL ¼ 2, VLt

¼ 3 TeV, A0
L ¼ 0.3 TeV, and

M2
Lf

¼ 2 � 105 GeV2. In Fig. 4, we plot the branching

ratios of decays V → eþμ− varying with Sm. Here, a
different line corresponds to a different decay process.
We find that the results for processes J=Ψ → eþμ− and
ϒ → eþμ− are around 10−8 ∼ 10−11, the results of ϕ →
eþμ− are around 10−10 ∼ 10−13, and the results of ρ0 →
eþμ− and ω → eþμ− are around 10−11 ∼ 10−14. These five
lines all decrease quickly with the increasing Sm. Therefore,
Sm are very sensitive parameters to the numerical results.
The parameterm2 not only presents in the mass matrix of

the neutralino, but also in the mass matrix of the chargino.
Therefore, m2 affects the numerical results through the
neutralino-slepton and chargino-sneutrino contributions.

1000 2000 3000 4000 5000
10 15

10 13

10 11

10 9

10 7

Sm GeV

Br e

Br J e

Br e

Br e

Br e

FIG. 4. The contributions to V→eþμ−ðV∈fϕ;J=Ψ;ϒ;ρ0;ωgÞ
varying with Sm are, respectively, plotted by the five lines.
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The branching ratios of V → eþμ− varying with parameter
m2 are shown in Fig. 5. Choosing tan β ¼ 6, gL ¼ 0.1,
tan βL ¼ 2, VLt

¼3TeV, A0
L¼0.3TeV,M2

Lf
¼2�105GeV2,

and Sm ¼ 1 TeV, with the enlarging m2, the branching
ratios for each process all decrease. However, the results do
not change very remarkably. Although m2 is a sensitive
parameter, the influence from m2 is smaller than that
from Sm.

1. J=ΨðϒÞ → e+ μ−

Here, we study the decay processes J=Ψ → eþμ− and
ϒ → eþμ−. The many mass matrix, such as sleptons, s-
neutrinos, neutrino, include the parameter tan β, and the
numerical results can be influenced by this parameter.
Supposing gL ¼ 0.1, tan βL ¼ 2, VLt

¼ 3 TeV,
A0
L ¼ 0.3 TeV, M2

Lf
¼ 2 � 105 GeV2, Sm ¼ 1 TeV, and

m2 ¼ 0.5 TeV, we give out the values of BrðJ=ΨðϒÞ →
eþμ−Þ versus tan β in Fig. 6. When the tan β changes from 0
to 10, the numerical results decrease quickly. When
tan β > 10, the numerical results almost do not change.
Therefore, in the range of 0 ∼ 10, tan β have sensitive
effects for the CLFV decays.
MLf

is of interest. As the nondiagonal elements of m2
L̃

and m2
R̃
, MLf

lead to strong mixing for slepton (sneutrino)
of different generations. So we study the processes with
parameter MLf

. With tan β ¼ 6, m2 ¼ 0.5 TeV, gL ¼ 0.1,

tan βL ¼ 2, VLt
¼ 3 TeV, A0

L ¼ 0.3 TeV, and Sm ¼
1 TeV, the numerical results are plotted corresponding
to parameter MLf

in Fig. 7. When MLf
is zero, the

branching ratios are almost zero; with enlarging jMLf
j,

the results for both processes increase quickly, which are
around 0 ∼ 10−8, and the figures are very symmetrical for
both processes. Obviously, MLf

is a much more sensitive
parameter, and the effects from MLf

are very strong for
these CLFV decays.

2. ϕðρ0;ωÞ → e+ μ−

As new parameters in the BLMSSM, gL and tan βL have
relations with the mass matrices of slepton, sneutrino, and
lepton neutralino. It is worth considering the contributions
from gL and tan βL. Based on the supposition tan β ¼ 6,
m2 ¼ 0.5 TeV, tan βL ¼ 2, VLt

¼ 3 TeV, A0
L ¼ 0.3 TeV,

Sm ¼ 1 TeV, and M2
Lf

¼ 2 � 105 GeV2, the branching

ratios for ϕðρ0;ωÞ → eþμ− are discussed with parameter
gL in Fig. 8. The values for each process decrease slightly
with the enlarging gL, so the effects from gL on the
numerical results are small.
The slepton mass squared matrix includes the para-

meter A0
L, which is the nondiagonal element of this matrix.

0 500 1000 1500 2000 2500 3000
10 13

10 12

10 11

10 10

10 9

m2 GeV

Br e

Br J e

Br e

Br e

Br e

FIG. 5. The decays V → eþμ−ðV ∈ fϕ; J=Ψ;ϒ; ρ0;ωgÞ versus
parameter m2 are plotted by the five lines, respectively.
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FIG. 6. The branching ratios of decays J=ΨðϒÞ → eþμ−
change with the parameter tan β.
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FIG. 7. The branching ratios for processes J=ΨðϒÞ → eþμ−
change with the parameter MLf

.
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FIG. 8. The contributions to Brðϕðρ0;ωÞ → eþμ−Þ varying
with gL are plotted by the dotted line, dashed line, and solid
line, respectively.
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So the results can be affected by A0
L through slepton

mass and mixing. Here, tan β ¼ 6, m2 ¼ 0.5 TeV,
gL ¼ 0.1, tan βL ¼ 2, VLt

¼ 3 TeV, Sm ¼ 1 TeV, and
M2

Lf
¼ 2 � 105 GeV2, the branching ratios for ϕðρ0;ωÞ →

eþμ− versus parameter A0
L are plotted in Fig. 9. With A0

L
changing from 0 to 3 TeV, both processes slightly increase.
However, the numerical results change obviously when
A0
L > 3 TeV, especially the process ϕ → eþμ−. In a

reasonable range of parameter A0
L, the branching ratios

will be close to the experimental expectations with the
enlarging A0

L.

B. V → e + τ − ðμ+ τ − Þ
We study the decays V → eþτ−ðμþτ−Þ as follows,

where V ∈ fJ=Ψ;ϒg. The experimental limits for decays
J=Ψ → eþτ−ðμþτ−Þ are BrðJ=Ψ → eþτ−Þ ≤ 8.3 × 10−6

and BrðJ=Ψ → μþτ−Þ ≤ 2.0 × 10−6, which are both at
90% confidence level. The experimental limit for decay
ϒ → μþτ− is lower than 6.0 × 10−6 and at 95% confi-
dence level.
To study the processes V → eþτ−ðμþτ−Þ, the branching

ratios versus tan βL are researched. Here, tan βL ¼ v̄L=vL,
vL and v̄L are the nonzero VEVs of the SUð2ÞL
singlets ΦL and φL. In Fig. 10, using tan β ¼ 6,
m2¼0.5TeV, VLt

¼3TeV, A0
L¼0.3TeV, Sm ¼ 1 TeV,

M2
Lf

¼ 2 � 105 GeV2, and gL ¼ 0.1, we describe the

numerical results with the parameter tan βL. Obviously,
the parameter tan βL has tiny effects on our numerical
analysis. When the decay processes have the same initial
state, for example, J=Ψ → eþτ− and J=Ψ → μþτ−, the
numerical results for both processes are almost the same,
and the figure of J=Ψ → eþτ− is under that of
J=Ψ → μþτ−. The processes ϒ → eþτ−ðμþτ−Þ have the
same characters as that of J=Ψ → eþτ−ðμþτ−Þ.
Compared with MSSM, VLt

is also a new parameter,
which presents in the mass matrices of the slepton,
sneutrino, and lepton neutralino. With VLt

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2L þ v̄2L

p
,

mZL
¼ 2gLVLt

is the mass of neutral Uð1ÞL gauge boson
ZL. In Fig. 11, the branching ratios for V → eþτ−ðμþτ−Þ
changing with VLt

are discussed, where tan β ¼ 6,
m2 ¼ 0.5 TeV, gL ¼ 0.1, tan βL ¼ 2, A0

L ¼ 0.3 TeV,
Sm ¼ 1 TeV, and M2

Lf
¼ 2 � 105 GeV2. When the values

of VLt
change from 1 to 4 TeV, each figure keeps an

increscent variation trend. However, the numerical results
all increase slowly, so the effects from VLt

are small.

V. DISCUSSION AND CONCLUSION

In the frame of the BLMSSM, we study the CLFV
decays for vector mesons V → l�i l

∓
j with V ∈

fϕ; J=Ψ;ϒ; ρ0;ωg and li, lj ∈ fe; μ; τg. In this model,
new parameters and new contributions are considered to
these CLFV processes. For example, with the new intro-
duced parameters gL, tan βL, and VLt

, lepton neutralino χ0L
is discussed in our work, which gives new types of
contributions through the lepton neutralino-slepton-lepton
coupling. Furthermore, three heavy neutrinos and three new
scalar neutrinos are also considered in the BLMSSM. The
contributions from neutrinos can be neglected due to the
tiny Yukawa Yν. However, the new scalar neutrinos play
very important roles, especially the nondiagonal elements
MLf

in ðm2
L̃
ÞIJ, which lead to strong mixing for scalar

neutrinos of different generation and enhance the lepton
flavor violation.
In our previous work, we study the decay processes lj →

li þ γ and the corresponding effective amplitudes are
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FIG. 9. The numerical results for Brðϕðρ0;ωÞ → eþμ−Þ versus
A0
L are plotted.
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FIG. 10. The branching ratios for BrðV → eþτ−ðμþτ−ÞÞ×
ðV ∈ fJ=Ψ;ϒgÞ changing with tan βL are given out.
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FIG. 11. For BrðV → eþτ−ðμþτ−ÞÞ; V ∈ fJ=Ψ;ϒg, the results
varying with VLt

are plotted.
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shown as Mμ→eγ ¼ eϵμūiðpþ qÞ½q2γμðCL
1PL þ CR

1PRÞþ
mljiσμνq

νðCL
2PL þ CR

2PRÞ�ujðpÞ. In this work, the effec-
tive amplitudes for V → eμ are influenced by that of
μ → eγ. Therefore, we take the same parameter space as
μ → eγ to study the processes V → l�i l

∓
j , and the corre-

sponding constraints from process μ → eγ are also taken
into account in this work.
Considering the numerical results discussed in Sec. IV,

various parameters affect the CLFV decays. Sm and MLf

are the sensitive parameters, which are the diagonal and
nondiagonal elements in matrices mL̃ and mR̃. The
influences from Sm and MLf

are very remarkable. After
discussing the constraints on lj → 3li, lj → li þ γ and
μ − e conversion, Brðϕ→eμÞ∼10−11;BrðJ=ΨðϒÞ→eμÞ∼
10−9, and Brðρ0ðωÞ → eμÞ ∼ 2 × 10−12, the decays
J=ΨðϒÞ → eμ are much easier than ϕðρ0;ωÞ → eμ to
reach the experimental upper bounds. Similarly, BrðJ=Ψ →
eτðμτÞÞ are at the order of ð10−10 ∼ 10−9Þ, and Brðϒ →
eτðμτÞÞ can reach 5 × 10−10, which are very promising to
be observed in near-future experiments.
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APPENDIX THE HADRON MATRIX ELEMENTS,
ONE-LOOP INTEGRAL FUNCTIONS AND

BLMSSM SUPERELDS

The corresponding hadron matrix elements we used in
our work are encoded as

h0jv̄Vðp2ÞγμuVðp1ÞjVðpÞi ¼
fVmV

2Nc
εμ�ðpÞ;

h0jv̄Vðp2ÞσμνPLuVðp1ÞjVðpÞi ¼ −
fVϵμνpε

�ðpÞ þ ifVðpμεν�ðpÞ − pνεμ�ðpÞÞ
2Nc

;

h0jv̄Vðp2ÞσμνPRuVðp1ÞjVðpÞi ¼
fVϵμνpε

�ðpÞ − ifVðpμεν�ðpÞ − pνεμ�ðpÞÞ
2Nc

;

h0jv̄Vðp2ÞuVðp1ÞjVðpÞi ¼ h0jv̄Vðp2Þγ5uVðp1ÞjVðpÞi ¼ h0jv̄Vðp2Þγμγ5uVðp1ÞjVðpÞi ¼ 0: ðA1Þ

We find that h0jv̄Vðp2ÞγμuVðp1ÞjVðpÞi plays the dominant contribution in our numerical results. We can almost ignore the
effects from the other hadron matrix elements in Eq. (36).

TABLE I. Superfields in the BLMSSM.

Superfields SUð3ÞC SUð2ÞL Uð1ÞY Uð1ÞB Uð1ÞL
Q̂ 3 2 1=6 1=3 0

Ûc 3̄ 1 −2=3 −1=3 0

D̂c 3̄ 1 1=3 −1=3 0

L̂ 1 2 −1=2 0 1

Êc 1 1 1 0 −1

N̂c 1 1 0 0 −1

Q̂4
3 2 1=6 B4 0

Ûc
4 3̄ 1 -2/3 −B4 0

D̂c
4 3̄ 1 1=3 −B4 0

L̂4
1 2 −1=2 0 L4

Êc
4

1 1 1 0 −L4

N̂c
4

1 1 0 0 −L4

Q̂c
5 3̄ 2 −1=6 −1 − B4 0

Û5
3 1 2=3 1þ B4 0

D̂5
3 1 −1=3 1þ B4 0

L̂c
5

1 2 1=2 0 −3 − L4

Ê5
1 1 −1 0 3þ L4

N̂5
1 1 0 0 3þ L4

Ĥu 1 2 1=2 0 0

Ĥd 1 2 −1=2 0 0

Φ̂B 1 1 0 1 0

φ̂B 1 1 0 −1 0

Φ̂L 1 1 0 0 −2

φ̂L 1 1 0 0 2

X̂ 1 1 0 2=3þ B4 0

X̂0 1 1 0 −2=3 − B4 0
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In this section, we give out the corresponding one-loop integral functions, which read as

I1ðx1; x2Þ ¼
1

16π2

�
−ð△þ 1þ ln xμÞ þ

x2 ln x2 − x1 ln x1
ðx2 − x1Þ

�
;

I2ðx1; x2Þ ¼
1

32π2

�
3þ 2 ln x2
ðx2 − x1Þ

−
2x2 þ 4x2 ln x2
ðx2 − x1Þ2

þ 2x22 ln x2 − 2x21 ln x1
ðx2 − x1Þ3

�
;

I3ðx1; x2Þ ¼
1

16π2

�
1þ ln x2
ðx2 − x1Þ

þ x1 ln x1 − x2 ln x2
ðx2 − x1Þ2

�
;

I4ðx1; x2Þ ¼
1

96π2

�
11þ 6 ln x2
ðx2 − x1Þ

−
15x2 þ 18x2 ln x2

ðx2 − x1Þ2
þ 6x22 þ 18x22 ln x2

ðx2 − x1Þ3
þ 6x31 ln x1 − 6x32 ln x2

ðx2 − x1Þ4
�
;

I5ðx1; x2Þ ¼
1

16π2

�
ð△þ 1þ ln xμÞ þ

x2 þ 2x2 ln x2
ðx1 − x2Þ

þ x22 ln x2 − x21 ln x1
ðx2 − x1Þ2

�
;

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

�
−ð△þ 1þ ln xμÞ þ

x21 ln x1
ðx1 − x2Þðx1 − x3Þ

þ x22 ln x2
ðx2 − x1Þðx2 − x3Þ

þ x23 ln x3
ðx3 − x1Þðx3 − x2Þ

�
;

J1ðx1; x2; x3; x4Þ ¼
1

16π2

�
x21 ln x1

ðx1 − x2Þðx1 − x3Þðx1 − x4Þ
þ x22 ln x2
ðx2 − x1Þðx2 − x3Þðx2 − x4Þ

þ x23 ln x3
ðx3 − x1Þðx3 − x2Þðx3 − x4Þ

þ x24 ln x4
ðx4 − x1Þðx4 − x2Þðx4 − x3Þ

�
;

J2ðx1; x2; x3; x4Þ ¼
1

16π2

�
x1 ln x1

ðx1 − x2Þðx1 − x3Þðx1 − x4Þ
þ x2 ln x2
ðx2 − x1Þðx2 − x3Þðx2 − x4Þ

þ x3 ln x3
ðx3 − x1Þðx3 − x2Þðx3 − x4Þ

þ x4 ln x4
ðx4 − x1Þðx4 − x2Þðx4 − x3Þ

�
; ðA2Þ

with Δ ¼ 1
ϵ − rϵ þ ln 4π.

We also describe the corresponding superfields presented in the BLMSSM model, which are shown in Table I.
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