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Considering the constraints on the lepton flavor violating (LFV) couplings of the new gauge boson Z0

to ordinary leptons from the experimental upper limit for the LFV process l → 3l0, we calculate the
contributions of Z0 to the LFV decays V → lilj with V ∈ fϕ; J=Ψ;Ψð2SÞ;ϒðnÞg and τ → μðeÞϕ in the
context of several Z0 models. We find that all Z0 models considered in this paper can produce significant
contributions to these decay processes and make the value of the branching ratio Brðτ → eϕÞ above its
experimental upper limit. The experimental upper limit of τ → eϕ can give more severe constraints on
these Z0 models than those given by the rare decay process τ → 3e.
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I. INTRODUCTION

The new gauge boson Z0 with heavy mass occurs within
many new physics scenarios beyond the Standard Model
(SM) [1]. Searching for Z0 is one of the main goals of
the LHC experiments. The ATLAS and CMS Collabo-
rations have performed extensive searches for this kind of
new particle. Lower bounds for its mass MZ0 have been
obtained in either model-dependent or model-independent
approaches. With the LHC run II, more stringent bounds on
MZ0 will be obtained or the Z0 boson might be discovered in
the near future. For a recent overview of the experimental
mass bounds on the Z0 mass MZ0 , see Ref. [2].
Among many Z0 models, the most general one is the

nonuniversal Z0 model, which can be realized in E6 models
[3], dynamical symmetry-breaking models [4], left-right
symmetry (LR) models [5], 331 models [6], and the
so-called G(221) models [7]. One fundamental feature of
such Z0 models is that due to the family nonuniversal
couplings or the extra fermions introduced, the extra gauge
boson Z0 has flavor-changing (FC) fermionic couplings at
tree level, leading to many interesting phenomenological
implications.
The study of lepton flavor violating (LFV) processes is

an important tool to search for new physics beyond the SM.
The LFV decays of the neutral vector mesons, such as ρ, ω,
ϕ, J=Ψ, and ϒ, all together called “V,” have been studied
in several new physics scenarios [8] and in a model-
independent way [9]. It has been shown that the branching
ratio BrðV → liljÞ with li;lj ∈ fe; μ; τg can be signifi-
cantly enhanced. Considering the constraints on the LFV
couplings Z0lilj from the experimental upper limits for
the processes li → 3lj, in Sec. II, we study the correction
effects of the new gauge boson Z0 on the pure leptonic
decays V → lilj with V ∈ fϕ; J=Ψ;Ψð2SÞ;ϒðnÞg in the

context of several Z0 models. Production of the vector
meson ϕ via the semileptonic τ decay processes τ → μðeÞϕ
is considered in Sec. III. Our numerical results are
compared with the corresponding experimental upper
limits in these sections, which are expected to give the
prospects for detecting the indirect signals of the Z0 models
considered in this paper or for constraining the relevant
free parameters. Our conclusions are given in Sec. IV.

II. THE NEW GAUGE BOSON Z0 AND
THE LFV DECAYS V → lilj

In the mass eigenstate basis, the couplings of the new
gauge boson Z0 to the SM fermions, including the LFV
couplings, can be generally written as

L ¼ f̄iγμðgiLPL þ giRPRÞfiZ0
μ þ l̄iγ

μðgijLPL þ gijRPRÞljZ0
μ;

ð1Þ

where f and l represent the SM fermions and charged
leptons, respectively, PL;R ¼ 1

2
ð1∓γ5Þ are chiral pro-

jector operators. In the above equation, summation over
i ≠ j ¼ 1, 2, 3 is implied. The left- (right-)handed coupling
constants gLðRÞ should be real due to the Hermiticity of the
Lagrangian L. Considering the goal of this paper, we do
not include the flavor-changing couplings Z0qiqj with qi;j
representing the SM quarks in Eq. (1).
To calculate the contributions of the new gauge boson Z0

to the pure leptonic LFV decays V → lilj, one need to
parametrize the hadronic matrix elements [10]

h0jq̄γμqjVðp; σÞi ¼ FVMVε
σ
μ: ð2Þ

Where FV is the decay constant of the vector meson V with
momentum p and in a polarization state σ, MV and εσμ
express its mass and polarization vector, respectively. The
general expression of the branching ratio BrðV → liljÞ*cxyue@lnnu.edu.cn
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contributed by the new gauge boson Z0 can be approx-
imately written as [8]

BrðV → liljÞ ¼
τVM5

V

96πM4
Z0

�
FV

MV

�
2

ðgqVÞ2
�
1 −

m2
i

M2
V

�

×

�
½ðgijLÞ2 þ ðgijRÞ2�

�
1 −

m2
i

2M2
V
−

m4
i

2M4
V

�

þ 6mimj

M2
V

ReðgijLgijRÞ
�
: ð3Þ

Where τV is the lifetime of the neutral vector meson V, mi

is the mass of the charged lepton li. g
q
V represents the flavor

conserving (FC) vector-coupling constant of Z0 to the SM
quarks. In above equation, we have assumed mi ≫ mj and
neglected the Oðm2

jÞ terms.
From the electroweak precision data analysis, the

improved lower bounds on the Z0 mass MZ0 are given in
the range 1100–1500 GeV, which give a limit on the
Z − Z0 mixing angle about 1 × 10−3 [11]. So we will
ignore the Z − Z0 mixing effects on the LFV decays
V → lilj with V ∈ fϕ; J=Ψ;Ψð2SÞ;ϒðnÞg and li;lj ∈
fτ; μ; eg in our following numerical analysis.
Many Z0 models can induce the LFV couplings Z0lilj.

In this paper, we focus our attention on the following Z0
models as benchmark models:

(i) The E6 models [3] have symmetry-breaking patterns
that are defined in terms of a mixing angle α. The
most studied mixing angles are α ¼ 0 (χ model),

cos−1
ffiffi
3
8

q
(η model), and π

2
(Ψ model). For the Ψ

model, the FC couplings of Z0 to the SM fermions
are purely axial-vector couplings and, thus, from
Eq. (3), one can see that it has no contribution to the
LFV decays V → lilj.

(ii) The LR model [5] is based on the electroweak gauge
group SUð2ÞL × SUð2ÞR ×Uð1ÞB−L with the cou-
pling constant gL ¼ gR, where the corresponding Z0
couplings are represented by a real parameter αLR
bounded by

ffiffiffiffiffiffiffiffi
2=3

p
≤ αLR ≤

ffiffiffi
2

p
. αLR ¼ ffiffiffi

2
p

corre-
sponds to a purely LR model.

(iii) The G(221) models [7], which are based on the
electroweak gauge group SUð2Þ1×SUð2Þ2×Uð1ÞY
with coupling constants g1 ¼ g= cos θE and
g2 ¼ g= sin θE, can be viewed as the lower-energy
effective theory of many new physics scenarios
with extended gauge structure when all the heavy
particles other than W0 and Z0 bosons decouple.

(iv) The 331 models with gauge symmetry SUð3ÞC ×
SUð3ÞL × Uð1ÞX [6] are an interesting extension
of the SM, which can explain why there are three
family fermions and why there is quantization
of electric charge. In these models, the relevant
couplings of Z0 to the SM fermions can be unified if
written as a function of the free parameter β.

The FC left- and right-handed coupling constants gL and
gR of the additional gauge boson Z0 to the SM fermions
are summarized in Table I for different Z0 models, in which
e is the electric charge of the positron, cW ¼ cos θW and
sW ¼ sin θW with θW being the Weinberg angle. In Table I,
we have taken αLR ¼ ffiffiffi

2
p

and β ¼ 1=
ffiffiffi
3

p
for the LR and

331 models, respectively.
In general, the LFV couplings Z0lilj are model depen-

dent, which are severe constrained by the precision
measurement data and the experimental upper limits for
some LFV processes, such as li → ljγ and li → ljlkll.
Reference [12] has shown that the most stringent con-
straints on the LFV coupling constants gμeL;R, g

τe
L;R and gτμL;R

come from the LFV decays μ → 3e, τ → 3e and τ → 3μ,

TABLE I. The FC left- and right-handed coupling constants of the extra gauge boson Z0 to the SM fermions for the
Z0 models considered in this paper.

Models

Coupling χ η LR 221 331
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2
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6
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respectively. Reference [13] has given the constraints on the
coupling factors gijL;R for several Z0 models and further
calculated their contributions to the LFV processes P → μe
and τ → μP with the pseudoscalar meson P ∈ fπ; η; η0g.
In the case of neglecting the mixing between Z0

and the electroweak gauge boson Z, the branching ratio
Brðli → 3ljÞ can be generally expressed as

Brðli → 3ljÞ ¼
τim5

i

1536π3M4
Z0
f½2ðgjLÞ2 þ ðgjRÞ2�ðgijLÞ2

þ ½ðgjLÞ2 þ 2ðgjRÞ2�ðgijRÞ2g; ð4Þ

where τi and mi are the lifetime and mass of the charged
lepton li. In the above equation, we have ignored the
masses of the final state leptons. Assuming that only one of
gijL;R is nonzero at a time, we can obtain constraints on the

combined factors gijL;R=M
2
Z0 from the current experimental

upper limits [11]:

Brexpðμ → eeēÞ < 1.0 × 10−12;

Brexpðτ → eeēÞ < 2.7 × 10−8;

Brexpðτ → μμμ̄Þ < 2.1 × 10−8: ð5Þ
From Eq. (3), one can see that the branching ratio

BrðV → liljÞ is dependent on the free parameters gijL;R and

MZ0 , which can be constrained by the experimental upper
limits for the LFV decays l → 3l0 via Eq. (4). Then,
using Eq. (3), the maximal values of the branching ratios
BrðV → liljÞ with V ∈ fϕ; J=Ψ;Ψð2SÞ;ϒðnÞg can be
calculated. The relevant SM input parameters, such as
the masses, decay constants and lifetimes of vector mesons,
and the masses and lifetimes of the leptons τ and μ, which
are used in our numerical calculation, are collected in
Table II. Our numerical results for the Z0 models considered
in this paper are shown in Tables III, IV, and V, in which
each decay channel is considered as BrðV → liljÞ ¼
BrðV → lþ

i l
−
j Þ þ BrðV → l−

i l
þ
j Þ and we also list the

corresponding experimental upper limits [11]. From these
tables, one can see that most of these Z0 models can indeed
produce significant contributions to the LFV decay proc-
esses V → lilj. For the χ and η models, the FC couplings
of Z0 to up-type quarks are purely axial-vector couplings,
so their contributions to the decays J=Ψ → lilj and
Ψð2SÞ → lilj are zero. The values of the branching ratios
Brðϕ → μeÞ, BrðJ=Ψ → liljÞ and BrðΨð2SÞ → liljÞ
contributed by the LR model are larger than those for
the other Z0 models. For the G(221) models, the values
of BrðΥðnÞ → liljÞ increase as the free parameter cot θE
increases. However, all of these Z0 models cannot make the
branching ratios BrðV → liljÞ approach the correspond-
ing experimental upper limits. If these limits are indeed

TABLE II. The masses, decay constants, and lifetimes of vector mesons, and the masses and lifetimes of the
leptons τ and μ, which are taken from Ref. [11], except the illustrated ones.

Parameters Value Parameters Value Parameters Value

Mϕ 1.02 GeV Fϕ 0.24 GeV [14] τϕ 2.34 × 102 GeV−1

MJ=Ψ 3.10 GeV FJ=Ψ 0.42 GeV [15] τJ=Ψ 1.08 × 104 GeV−1

MΨð2SÞ 3.69 GeV FΨð2SÞ 0.30 GeV τΨð2SÞ 3.36 × 103 GeV−1

Mϒð1SÞ 9.46 GeV Fϒð1SÞ 0.65 GeV [16] τϒð1SÞ 1.85 × 104 GeV−1

Mϒð2SÞ 10.02 GeV Fϒð2SÞ 0.48 GeV [16] τϒð2SÞ 3.13 × 104 GeV−1

Mϒð3SÞ 10.36 GeV Fϒð3SÞ 0.54 GeV [17] τϒð3SÞ 4.92 × 104 GeV−1

mτ 1.78 GeV � � � � � � ττ 4.41 × 1011 GeV−1

mμ 0.11 GeV � � � � � � τμ 3.34 × 1018 GeV−1

TABLE III. The maximal values of the branching ratios Brðϕ → μeÞ, BrðJ=Ψ → liljÞ and BrðΨð2SÞ → liljÞ.
The numbers in the second column are the experimental upper limits.

Models

BrðV → liljÞ EXP χ η LR 221 331

Brðϕ → μeÞ 2.0 × 10−6 1.2 × 10−22 1.3 × 10−22 4.0 × 10−22 7.5 × 10−23 8.1 × 10−23

BrðJ=Ψ → μeÞ 1.6 × 10−7 0 0 3.9 × 10−19 3.0 × 10−19 7.7 × 10−20

BrðJ=Ψ → τeÞ 8.3 × 10−6 0 0 3.2 × 10−14 2.4 × 10−14 6.3 × 10−15

BrðJ=Ψ → τμÞ 2.0 × 10−6 0 0 2.6 × 10−14 2.0 × 10−14 5.2 × 10−15

BrðΨð2SÞ → μeÞ � � � 0 0 1.0 × 10−19 7.9 × 10−20 2.1 × 10−20

BrðΨð2SÞ → τeÞ � � � 0 0 1.1 × 10−14 8.0 × 10−15 2.1 × 10−15

BrðΨð2SÞ → τμÞ � � � 0 0 8.6 × 10−15 6.5 × 10−15 1.7 × 10−15
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improved in the near future, a possibility of seeing the LFV
decay channels V → lilj discussed in this paper might
become realistic.

III. THE NEW GAUGE BOSON Z0 AND
PRODUCTION OF VECTOR MESON ϕ

VIA THE LFV DECAY τ → lϕ

The lepton τ is very sensitive to new physics related to
the flavor and mass generation problems [18]. Its semi-
leptonic decays are an ideal tool for studying the hadro-
nization processes of the weak currents in very clean
conditions and are very sensitive to new physics beyond
the SM. The vector meson ϕ can be produced via the LFV
decays τ → lϕ with l ¼ e and μ, which can only be
generated by vector currents. The main goal of this
section is considering the contributions of the new gauge
boson Z0 to the LFV decay process τ → lϕ and seeing
whether its current experimental upper limit can give
more stringent constraints on the Z0 models considered in
this paper.
In the local four-fermion approximation, integrating out

the new gauge boson Z0, Eq. (1) can give the effective
four-fermion couplings τlqq

L4f ¼
1

2M2
Z0
½gτlL ðl̄γμPLτÞ þ gτlR ðl̄γμPRτÞ�

×
X
q

½gqLðq̄γμPLqÞ þ gqRðq̄γμPRqÞ�: ð6Þ

It is obvious that the new gauge boson Z0, which has the
LFV couplings Z0lilj, can give contributions to the LFV
decay τ → lϕ at tree level. Neglecting terms of the order
Oðml=mτÞ with l ¼ μ or e, the branching ratio for the
process τ → lϕ can be approximately written as

Brðτ → lϕÞ ¼ mτττF2
ϕ

64πM4
Z0
ðgsVÞ2½ðgτlL Þ2 þ ðgτlR Þ2�

×

�
M2

ϕ þ
m2

τ

2

��
1 −

M2
ϕ

m2
τ

�
2

: ð7Þ

As in Sec. II, the maximum values of the LFV coupling
constants gτeL;R and gτμL;R are given by the current exper-
imental upper limits for the processes τ → 3e and τ → 3μ
via Eq. (4). In Table VI, we give the maximum values of
the branching ratios Brðτ → μϕÞ and Brðτ → eϕÞ for
different Z0 models. The corresponding experimental

TABLE IV. The maximal values of the branching ratio BrðϒðnÞ → liljÞ contributed by the χ, η, LR, and
331 models.

Models

BrðV → liljÞ EXP χ η LR 331

Brðϒð1SÞ → μeÞ � � � 5.4 × 10−17 5.8 × 10−17 1.8 × 10−16 3.8 × 10−17

Brðϒð1SÞ → τeÞ � � � 7.8 × 10−12 8.5 × 10−12 2.7 × 10−11 5.5 × 10−12

Brðϒð1SÞ → τμÞ 6.0 × 10−6 6.1 × 10−12 6.7 × 10−12 2.1 × 10−11 4.3 × 10−12

Brðϒð2SÞ → μeÞ � � � 5.9 × 10−17 6.4 × 10−17 2.0 × 10−16 4.2 × 10−17

Brðϒð2SÞ → τeÞ 3.2 × 10−6 8.7 × 10−12 9.5 × 10−12 3.0 × 10−11 6.1 × 10−12

Brðϒð2SÞ → τμÞ 3.3 × 10−6 6.8 × 10−12 7.4 × 10−12 2.3 × 10−11 4.8 × 10−12

Brðϒð3SÞ → μeÞ � � � 1.3 × 10−16 1.4 × 10−16 4.4 × 10−16 9.1 × 10−17

Brðϒð3SÞ → τeÞ 4.2 × 10−6 1.9 × 10−11 2.1 × 10−11 6.5 × 10−11 1.3 × 10−11

Brðϒð3SÞ → τμÞ 3.1 × 10−6 1.5 × 10−11 1.6 × 10−11 5.1 × 10−11 1.0 × 10−11

TABLE V. For the G(211) models, the maximal values of BrðϒðnÞ → liljÞ depending on the parameter cot θE.

221

BrðV → liljÞ EXP cot θE ¼ 1 cot θE ¼ 2 cot θE ¼ 3 cot θE ¼ 4

Brðϒð1SÞ → μeÞ � � � 3.5 × 10−17 5.6 × 10−16 2.8 × 10−15 9.0 × 10−15

Brðϒð1SÞ → τeÞ � � � 5.1 × 10−12 8.2 × 10−11 4.1 × 10−10 1.3 × 10−9

Brðϒð1SÞ → τμÞ 6.0 × 10−6 4.2 × 10−12 6.7 × 10−11 3.4 × 10−10 1.1 × 10−9

Brðϒð2SÞ → μeÞ � � � 3.9 × 10−17 6.2 × 10−16 3.1 × 10−15 9.9 × 10−15

Brðϒð2SÞ → τeÞ 3.2 × 10−6 5.7 × 10−12 9.1 × 10−11 4.6 × 10−10 1.5 × 10−9

Brðϒð2SÞ → τμÞ 3.3 × 10−6 4.4 × 10−12 7.1 × 10−11 3.6 × 10−10 1.1 × 10−9

Brðϒð3SÞ → μeÞ � � � 8.4 × 10−17 1.3 × 10−15 6.8 × 10−15 2.2 × 10−14

Brðϒð3SÞ → τeÞ 4.2 × 10−6 1.2 × 10−11 2.0 × 10−10 1.0 × 10−9 3.2 × 10−9

Brðϒð3SÞ → τμÞ 3.1 × 10−6 9.7 × 10−12 1.6 × 10−10 7.9 × 10−10 2.5 × 10−9
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upper limits [11] are also listed in this table. The
contributions predicted by the LR model of the
new gauge boson Z0 to τ → lϕ are larger than those
generated by other Z0 models. For the LFV decay τ → μϕ,
the η and LR models can make the values of the
branching ratio Brðτ → μϕÞ above its experimental upper
limit. All of these Z0 models can make the values of the
branching ratio Brðτ → eϕÞ above its experimental
upper limit.
To see whether the current experimental upper limits

can give severe constraints on these Z0 models, in Fig. 1
we plot the maximum values of the coupling parameters
ðgτμL Þ2 þ ðgτμR Þ2 and ðgτeL Þ2 þ ðgτeR Þ2 as functions of the Z0

mass MZ0 . The values of these parameters ðgτμL Þ2 þ ðgτμR Þ2
and ðgτeL Þ2 þ ðgτeR Þ2 vary from 0.015 to 0.240 and 0.006 to
0.315 for the MZ0 interval 1.5 TeV < MZ0 < 3.0 TeV,
which are smaller values than those given by the current
experimental upper limits for the LFV processes τ → 3μ
and τ → 3e. Let us emphasize that the LR model is
most strongly restricted, with the maximum value of
the coupling parameter ðgτeL Þ2 þ ðgτeR Þ2 about 1 order of
magnitude less than the previous limit from the LFV
process τ → 3e.

IV. CONCLUSIONS

Observation of LFV processes would be clear evidence of
new physics beyond the SM. Experimental and theoretical
studies of the LFV decay processes like V → lilj and τ →
lV could provide a sensitive test of some new physics
schemes, which is complementary to new physics study at
the high-energy collider experiments. The new gauge boson
Z0 appearing in many new physics scenarios has the LFV
couplings to the SM leptons, which can lead to interesting
phenomenology in current or future experiments.
In this paper, we employ the most general renormalizable

Lagrangian which includes the LFV couplings Z0lilj
and use the current experimental upper limits for the
LFV decay processes τ → 3μ, μ → 3e, and τ → 3e to
constrain the coupling constants gτμL;R, g

μe
L;R, and gτeL;R for

several Z0 models considered as benchmark models. Based
on this, we calculate the contributions of the new gauge
boson Z0 to the pure leptonic decays V → lilj with V ∈
fϕ; J=Ψ;Ψð2SÞ;ϒðnÞg and li;lj ∈ fμ; e; τg. Our numeri-
cal results show that all Z0 models considered in this paper
can produce significant contributions to these LFV decay
processes. However, the maximum value of the branching
ratio BrðV → liljÞ is still lower than the corresponding
experimental upper limits.
We further calculate the contributions of the new

gauge boson Z0 to the semileptonic τ decays τ → μðeÞϕ
in the context of several Z0 models and find that all
these Z0 models can make the value of the branching ratio
Brðτ → eϕÞ above its experimental upper limit. The current
experimental upper limit of the LFV decay process τ → eϕ
can give more severe constraints on these Z0 models than
those given by the LFV decay process τ → 3e. For the LR
model, the maximum value of the coupling parameter
ðgτeL Þ2 þ ðgτeR Þ2 is about 1 order of magnitude less than the
previous limit from τ → 3e.

(a) (b)

FIG. 1. The parameters ðgτμL Þ2 þ ðgτμR Þ2 (a) and ðgτeL Þ2 þ ðgτeR Þ2 (b) as functions of the Z0 mass MZ0 for different Z0 models.

TABLE VI. The maximum values of Brðτ → lϕÞ with l ¼ e
and μ for different Z0 models. The numbers of the second row are
the corresponding experimental upper limits.

EXP Brðτ → μϕÞ Brðτ → eϕÞ
Models 8.4 × 10−8 3.1 × 10−8

χ 7.8 × 10−8 1.0 × 10−7

η 8.5 × 10−8 1.1 × 10−7

LR 2.7 × 10−7 3.5 × 10−7

221 5.1 × 10−8 6.6 × 10−8

331 5.5 × 10−8 7.1 × 10−8
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We only choose several specific Z0 models as benchmark
models to consider the contributions of the new gauge
boson Z0 to the LFV decays V → lilj with V ∈
fϕ; J=Ψ;Ψð2SÞ;ϒðnÞg and τ → μðeÞϕ in this paper.
Certainly, other Z0 models, such as the ones discussed in
Ref. [19], might also produce significant contributions to
these rare decay processes.
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