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Considering the constraints on the lepton flavor violating (LFV) couplings of the new gauge boson Z’
to ordinary leptons from the experimental upper limit for the LFV process £ — 3¢”, we calculate the
contributions of Z' to the LFV decays V — ¢,¢; with V € {¢,J/¥, ¥(2S), Y} and 7 — p(e)¢ in the
context of several Z' models. We find that all Z’ models considered in this paper can produce significant
contributions to these decay processes and make the value of the branching ratio Br(z — e¢) above its
experimental upper limit. The experimental upper limit of 7 — e¢ can give more severe constraints on
these Z' models than those given by the rare decay process T — 3e.
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I. INTRODUCTION

The new gauge boson Z' with heavy mass occurs within
many new physics scenarios beyond the Standard Model
(SM) [1]. Searching for Z’ 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 M, have been
obtained in either model-dependent or model-independent
approaches. With the LHC run II, more stringent bounds on
M, will be obtained or the Z’ boson might be discovered in
the near future. For a recent overview of the experimental
mass bounds on the Z’ mass M, see Ref. [2].

Among many Z' models, the most general one is the
nonuniversal Z’' model, which can be realized in E4 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 Z' models is that due to the family nonuniversal
couplings or the extra fermions introduced, the extra gauge
boson Z' 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 p, o,
¢, J/ ¥, and T, 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 Br(V — £,¢;) with £;,¢; € {e,u, 7} can be signifi-
cantly enhanced. Considering the constraints on the LFV
couplings Z'¢;¢; from the experimental upper limits for
the processes ¢; — 37, in Sec. II, we study the correction
effects of the new gauge boson Z’ on the pure leptonic
decays V — ¢;¢; with V € {¢.J/¥, ¥(25), Y™} in the
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context of several Z' models. Production of the vector
meson ¢ via the semileptonic 7 decay processes 7 — p(e)¢p
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 Z' models
considered in this paper or for constraining the relevant
free parameters. Our conclusions are given in Sec. IV.

II. THE NEW GAUGE BOSON Z' AND
THE LFV DECAYS V - ¢¢;

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

L= fir'(g,Pr + 9k Pr)fiZ, + ZiJ’”(!JZjPL + ggPR)ij;u
(1)

where f and 7 represent the SM fermions and charged
leptons, respectively, P, =1 (1Fys) are chiral pro-
jector operators. In the above equation, summation over
i #j=1,2,3isimplied. The left- (right-)handed coupling
constants gy gy should be real due to the Hermiticity of the
Lagrangian £. Considering the goal of this paper, we do
not include the flavor-changing couplings Z'q;q; with g; ;
representing the SM quarks in Eq. (1).

To calculate the contributions of the new gauge boson Z’
to the pure leptonic LFV decays V — ¢;7;, one need to
parametrize the hadronic matrix elements [10]

(01gr,qlV(p. o)) = FyMyej. (2)

Where Fy, is the decay constant of the vector meson V with
momentum p and in a polarization state ¢, My and &,
express its mass and polarization vector, respectively. The
general expression of the branching ratio Br(V — 7,¢)
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contributed by the new gauge boson Z’' can be approx-
imately written as [8]

My (Fy)\? g0 m;
£ = v 1 — i
vy <MV (9v) M

{6 + ) (1 - o - )

M, 20

Br(V —

M5,

Re(ngg%‘)}. 3)

Where 7y, is the lifetime of the neutral vector meson V, m;
is the mass of the charged lepton ¢;. g7, represents the flavor
conserving (FC) vector-coupling constant of Z’ to the SM
quarks. In above equation, we have assumed m; > m; and
neglected the O(m3) terms.

From the electroweak precision data analysis, the
improved lower bounds on the Z’' mass M, are given in
the range 1100-1500 GeV, which give a limit on the
Z — 7' mixing angle about 1 x 1073 [11]. So we will
ignore the Z —Z' mixing effects on the LFV decays
V¢t with Ve {¢.J/V, ¥(25), Y™} and £,.¢; €
{r,u, e} in our following numerical analysis.

Many Z’ models can induce the LFV couplings Z'7;¢ ;.
In this paper, we focus our attention on the following Z’
models as benchmark models:

(i) The Eg models [3] have symmetry-breaking patterns

that are defined in terms of a mixing angle a. The
most studied mixing angles are o = 0 (y model),

cos‘l\/% (n model), and Z (¥ model). For the ¥
model, the FC couplings of Z’ 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 — 7,7 ;.
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(i) The LR model [5] is based on the electroweak gauge
group SU(2); x SU(2)g x U(1),_, with the cou-
pling constant g; = gz, where the corresponding Z’
couplings are represented by a real parameter oy p
bounded by /2/3 < a;x < V2. aig = /2 corre-
sponds to a purely LR model.

The G(221) models [7], which are based on the
electroweak gauge group SU(2), x SU(2), x U(1)y
with coupling constants ¢, = g/cosf; and
g, = g/ sin@g, 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 W’ and Z’ bosons decouple.
The 331 models with gauge symmetry SU(3). x
SU(3);, x U(1)y [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 Z’ to the SM fermions can be unified if
written as a function of the free parameter f.

The FC left- and right-handed coupling constants g; and
gr of the additional gauge boson Z’ to the SM fermions
are summarized in Table I for different Z’' models, in which
e is the electric charge of the positron, cy = cos#y, and
sw = sin @y with 0y, being the Weinberg angle. In Table I,

we have taken a; z = v/2 and = 1/1/3 for the LR and
331 models, respectively.

In general, the LFV couplings Z'#;£; are model depen-
dent, which are severe constrained by the precision
measurement data and the experimental upper limits for
some LFV processes, such as ; — ¢y and ¢; — ;0.

(iif)

@iv)

Reference [12] has shown that the most stringent con-
straints on the LFV coupling constants ¢;°,, ¢i¢ and g/
come from the LFV decays yu — 3e, 7 — 3e and 7 — 3y,

TABLEIL. The FC left- and right-handed coupling constants of the extra gauge boson Z’ to the SM fermions for the
Z' models considered in this paper.
Models
Coupling X n LR 221 331
u __ ¢ R N € tan@ e -1 4 2
9L 2/6ew 3cy 6v2cw 2sy E 2 Bswewr/1-45, (—-1+ 3 si)
u e _e Se e 4 2
9R 2\/€Cw 3y 6\/§cw 0 2\/§swcw 1‘%“%&/ (3 SW)
d __e¢ __e —_ec — ¢ tan® e - 42
9L N 3ey 6v2cw 2sy E 23syewr/1-35, ( 1+ 3 SW)
d __3e __e __Te 0 e _ 2 K2
9r 26cy 6cy 6\/E(TW 2\/§SWCW fl_t2 _%S%V ( 33 SW)
b __e e —_c e e 142
9L 2V6ey 3ew 6V2cy 25w cotOp 2VBswewy/1-3s2, (-1+ 3 i)
gh __3e __e __Te 0 e (_ 2 S‘2 )
R 2V6ey bew 6V2cy 2V3syew/1-3s2, 3v3°W
i 3e e e — ¢ tan® e _n2
L 2\/€CW bew 2\/§CW 2sw E 2\/§Sw€w ]_%S%A/ (1 2SW)
] e _e —__e e 92
IR 2V/6cy 3ew W 2ey 0 2VBswewy/1-43, ( 2SW)
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TABLE II. The masses, decay constants, and lifetimes of vector mesons, and the masses and lifetimes of the
leptons 7 and y, which are taken from Ref. [11], except the illustrated ones.

Parameters Value Parameters Value Parameters Value

M, 1.02 GeV F, 0.24 GeV [14] 7y 2.34 x 10> GeV™!
My 3.10 GeV Fio 0.42 GeV [15] an 1.08 x 10* GeV~!
M\IJ(ZS) 3.69 GeV F\IJ(2S) 0.30 GeV ’Z'\I,(zs) 3.36 x 103 GCV_I
M (15 9.46 GeV Fr(is) 0.65 GeV [16] Tr(1s) 1.85 x 10* GeV~!
My (25 10.02 GeV Frps) 0.48 GeV [16] TY(25) 3.13 x 10* GeV~!
My 3 10.36 GeV Fras) 0.54 GeV [17] 7Y(35) 4.92 x 10* GeV~!
m, 1.78 GeV T, 4.41 x 10" GeV~!
m, 0.11 GeV 7, 3.34 x 10'® GeV~!

respectively. Reference [13] has given the constraints on the
coupling factors gL r for several Z' models and further
calculated their contributions to the LFV processes P — ue
and 7 — pP with the pseudoscalar meson P € {z,n,7'}.

In the case of neglecting the mixing between Z'
and the electroweak gauge boson Z, the branching ratio
Br(¢; — 3¢;) can be generally expressed as

Tms

1536—31\/14{[( ) +(9§e)2](92j)2
+[(90)? + 2(gR)?1(97)%} 4)

where 7; and m; are the lifetime and mass of the charged
lepton 7;. In the above equation, we have ignored the
masses of the final state leptons. Assuming that only one of

gj g is nonzero at a time, we can obtain constraints on the

combined factors g}f r/M?2, from the current experimental
upper limits [11]:

Br*P(u — eee) < 1.0 x 10712,

Bre*P (7 — eee) < 2.7 x 1078,

Bre*P (7 — ppji) < 2.1 x 1078, (5)

From Eq. (3), one can see that the branching ratio
Br(V — ¢,¢;) is dependent on the free parameters g,/ , and

M 7, which can be constrained by the experimental upper
limits for the LFV decays ¢ — 3¢’ via Eq. (4). Then,
using Eq. (3), the maximal values of the branching ratios
Br(V - ¢,¢;) with V€ {¢.J/V, ¥(25), Y™} 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 7 and u, which
are used in our numerical calculation, are collected in
Table II. Our numerical results for the Z' models considered
in this paper are shown in Tables III, IV, and V, in which
each decay channel is considered as Br(V — £;¢;) =
Br(V — £¢7) +Br(V — ¢;¢]) and we also list the
corresponding experimental upper limits [11]. From these
tables, one can see that most of these Z’ models can indeed
produce significant contributions to the LFV decay proc-
esses V — ;7. For the y and n models, the FC couplings
of Z' to up- type quarks are purely axial-vector couplings,
so their contributions to the decays J/W¥ — #;£; and
U (2S) — ¢,¢; are zero. The values of the branching ratios
Br(¢ — pe), Br(J/V — ¢,¢;) and Br(V(2S) — £.¢;)
contributed by the LR model are larger than those for
the other Z' models. For the G(221) models, the values
of Br(Y" — ¢,¢,) increase as the free parameter cotfy
increases. However, all of these Z’ models cannot make the
branching ratios Br(V — #;£;) approach the correspond-
ing experimental upper limits. If these limits are indeed

TABLE IIl.  The maximal values of the branching ratios Br(¢p — pe), Br(J/¥ — £,£;) and Br(¥(25) — £,¢;).
The numbers in the second column are the experimental upper limits.
Models

Br(V - ¢,¢)) EXP X n LR 221 331
Br(¢p — ue) 20x 107 12x1072 13x1072  40x1072  75x1072  81x1073
Br(J/V — ue) 1.6 x 1077 0 0 3.9x 1071 3.0x 1071 7.7 x 10720
Br(J/¥ — te) 8.3 x 1076 0 0 32x 107" 24x 107" 63 x 107
Br(J/V — u) 2.0x 1076 0 0 26x107%  20x107"%  52x 1071
Br(W(2S) — pe) 0 0 1.0 x 1079 7.9 x 10720 2.1 x 10720
Br(¥(2S) — e) 0 0 L1x107"  80x1071  21x1071
Br(¥(2S) — wu) 0 0 8.6 x 10715 6.5 x 10715 1.7 x 10715
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TABLE IV. The maximal values of the branching ratio Br(Y() — ¢;¢;) contributed by the y, #, LR, and

331 models.
Models

Br(V — £:¢;) EXP x n LR 331
Br(Y(1S) — ue) 54 %1071 5.8 x 107" 1.8 x 10716 3.8 x 107"
Br(Y(1S) - ze) . 7.8 x 10712 8.5 x 10712 2.7 x 1071 5.5 x 10712
Br(Y(1S) - ) 6.0 x 1076 6.1 x 10712 6.7 x 10712 2.1 x 10711 43 x 10712
Br(Y(2S) — ue) e 5.9 x 10717 6.4 x 107" 2.0 x 10716 42 %1077
Br(Y(2S) - ze) 3.2x 1076 8.7 x 10712 9.5 x 10712 3.0x 1071 6.1 x 10712
Br(Y(2S) - ) 33x10°° 6.8 x 10712 7.4 x 10712 23 x 1071 4.8 x 10712
Br(Y(3S) — ue) e 1.3 x 10716 1.4 x 10716 4.4 x 10716 9.1 x 107"
Br(Y(3S) — ze) 4.2 x107° 1.9 x 107! 2.1 x 1071 6.5 x 107! 1.3 x 107
Br(Y(3S) - ) 3.1 1076 1.5x 1071 1.6 x 1071 5.1 x 1071 1.0 x 107!

TABLE V. For the G(211) models, the maximal values of Br(TW — ¢;¢;) depending on the parameter cot 0.

221
Br(V = ¢:¢;) EXP cotlp =1 cotly =2 cotfp =3 cotly =4
Br(Y(1S) — ue) 3.5 x 107" 5.6 x 10716 2.8 x 10715 9.0 x 10715
Br(Y(1S) — 7e) 5.1 % 10712 8.2 x 10711 4.1 x 10710 1.3 %107
Br(Y(1S) = ) 6.0 x 1076 4.2 % 10712 6.7 x 10711 3.4 x1071° 1.1 x 107
Br(Y(2S) — pe) 3.9 x 10717 6.2 x 10710 3.1x 107 9.9 x 1071
Br(Y(2S) - e) 32x10°° 5.7 x 10712 9.1 x 10711 4.6 x 10710 1.5 % 107°
Br(T(2S) — ) 3.3 x 107 4.4 % 10712 7.1 x 10711 3.6 x 10710 1.1 x 107
Br(Y(3S) — pe) Ex 8.4 x 10717 1.3x 1071 6.8 x 1071 2.2 x 1071
Br(Y(35) — 7e) 42 %1076 1.2 x 107! 2.0 x 10710 1.0 x 107° 32x107°
Br(Y(3S) — ) 3.1x10°° 9.7 x 10712 1.6 x 10710 7.9 x 10710 2.5%x107°
improved in the near future, a possibility of seeing the LFV . (Do o (o
decay channels V — #,/; discussed in this paper might Loy = 2M2, 9 (27" PrT) + g (77" Pre)]
become realistic. _ _
< 91 (ar,Pra) + gk(@r,Prq)l.  (6)

III. THE NEW GAUGE BOSON Z' AND
PRODUCTION OF VECTOR MESON ¢
VIA THE LFV DECAY 7 — ¢

The lepton 7 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 ¢ can be produced via the LFV
decays 7 — £¢ with £ = ¢ and p, which can only be
generated by vector currents. The main goal of this
section is considering the contributions of the new gauge
boson Z' to the LFV decay process 7 — £¢ and seeing
whether its current experimental upper limit can give
more stringent constraints on the Z' models considered in
this paper.

In the local four-fermion approximation, integrating out
the new gauge boson Z’, Eq. (1) can give the effective
four-fermion couplings 77qq

q

It is obvious that the new gauge boson Z’, which has the
LFV couplings Z'Z;¢;, can give contributions to the LFV
decay 7 — Z¢ at tree level. Neglecting terms of the order
O(mgz/m,) with £ = u or e, the branching ratio for the

process T — £¢ can be approximately written as
2

m, T, F
cags LG + (6]
Z/

m? Mj\?2
x (M%,,+7>< —m—;”> . (7)

As in Sec. II, the maximum values of the LFV coupling
constants gi°, and g;" are given by the current exper-
imental upper limits for the processes 7 — 3¢ and 7 — 3u
via Eq. (4). In Table VI, we give the maximum values of
the branching ratios Br(z — u¢) and Br(z — e¢) for
different Z’ models. The corresponding experimental

Br(z —» ¢¢) =
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TABLE VI. The maximum values of Br(z — £¢) with £ = e
and u for different Z' models. The numbers of the second row are
the corresponding experimental upper limits.

EXP Br(z — u¢) Br(z — e¢)
Models 8.4 x 1078 3.1x 1078
X 7.8 x 1078 1.0 x 1077
n 8.5x 1078 1.1 x 1077
LR 2.7 x 1077 3.5%x 1077
221 5.1x1078 6.6 x 1078
331 55x%x 1078 7.1 x 1078

upper limits [11] are also listed in this table. The
contributions predicted by the LR model of the
new gauge boson Z' to v — l¢ are larger than those
generated by other Z' models. For the LFV decay 7 — udg,
the n and LR models can make the values of the
branching ratio Br(z — u¢) above its experimental upper
limit. All of these Z' models can make the values of the
branching ratio Br(z — e¢) above its experimental
upper limit.

To see whether the current experimental upper limits
can give severe constraints on these Z' models, in Fig. 1
we plot the maximum values of the coupling parameters
(g7)? + (gg')* and (g%¢)? + (g%)* as functions of the Z’
mass M. The values of these parameters (g/')? + (gp')?
and (g%¢)% + (g&)? vary from 0.015 to 0.240 and 0.006 to
0.315 for the My, interval 1.5 TeV < M, < 3.0 TeV,
which are smaller values than those given by the current
experimental upper limits for the LFV processes 7 — 3u
and 7 — 3e. Let us emphasize that the LR model is
most strongly restricted, with the maximum value of
the coupling parameter (g7¢)? + (¢%)* about 1 order of
magnitude less than the previous limit from the LFV
process 7 — 3e.

0.35

0.30 -

(@29

0.00 -
1500 1800 2100 2400

M, (GeV)

(@)

2700 3000
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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 — #;£; and 7 —
£V 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
7' 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 Z'¢;¢;
and use the current experimental upper limits for the
LFV decay processes 7 — 3u, y — 3e, and 7 — 3e to
constrain the coupling constants g;"s, ¢;. and gj‘, for
several Z' models considered as benchmark models. Based
on this, we calculate the contributions of the new gauge
boson Z’ to the pure leptonic decays V — ¢it; with Ve
{¢,J)V,T(2S), T(”>} and ¢;,¢; € {u. e, 7}. Our numeri-
cal results show that all Z' models considered in this paper
can produce significant contributions to these LFV decay
processes. However, the maximum value of the branching
ratio Br(V — ¢;¢;) is still lower than the corresponding
experimental upper limits.

We further calculate the contributions of the new
gauge boson Z’ to the semileptonic 7 decays 7 — u(e)¢p
in the context of several Z’' models and find that all
these Z' models can make the value of the branching ratio
Br(z — e¢) above its experimental upper limit. The current
experimental upper limit of the LFV decay process 7 — e¢
can give more severe constraints on these Z' models than
those given by the LFV decay process ¢ — 3e. For the LR
model, the maximum value of the coupling parameter
(g%¢)% + (g&)? is about 1 order of magnitude less than the
previous limit from 7 — 3e.

0.35

0.30 - ,

0.25 - ’

020 |- <

(9% +(gR)?

2400
M, (GeV)

(b)

3000

FIG. 1. The parameters (¢7")> + (gi')* () and (g5¢)* + (¢5)?* (b) as functions of the Z’' mass M for different Z' models.
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We only choose several specific Z' models as benchmark
models to consider the contributions of the new gauge
boson Z' to the LFV decays V — ¢;¢; with V €
{p.J/V, ¥(25), Y™} and 7 — pu(e)¢ in this paper.
Certainly, other Z' models, such as the ones discussed in
Ref. [19], might also produce significant contributions to
these rare decay processes.

PHYSICAL REVIEW D 93, 035021 (2016)
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