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Abstract — The singlet and doublet VLS models are one kind of interesting new physics sce-
narios, which predict the existence of the SU(2)r singlet and doublet vector-like leptons (VLLs),
respectively. Taking into account the constraints on these VLS models, we investigate their con-
tributions to the LFV decays Z — l;l; (i # j). Our numerical results show that, for the singlet
VLS model, the values of the branching ratios Br (Z — 7e) and Br (Z — 7u) can be larger than
5 x 107% in a wide range of the parameter space, which might be detected by CEPC/FCC-ee in

the near future.

Copyright © 2022 EPLA

Introduction. — The standard model (SM) has
achieved great success in describing the elementary par-
ticles as well as the fundamental interactions. However,
the SM cannot resolve some theoretical and experimental
issues. For example, it cannot explain the origin of hier-
archical structure for masses and mixings of elementary
fermions in a peculiar pattern. It is widely considered to
be a low-energy effective theory and new physics beyond
the SM (BSM) should exist. Asymptotic safety [1] pro-
vides a new idea for model building which keeps both fun-
damental and predictive at the highest energies [2]. Search
for asymptotically safe extensions of the SM is very inter-
esting.

In order to make extensions of the SM asymptotically
safe, new matter fields and Yukawa couplings should be
introduced, which are essential to generate weakly inter-
acting UV fixed points [2]. Such specific kind of models
predicts the existence of vector-like fermions as well as
additional scalars. These new particles might generate sig-
nificant contributions to low-energy observables, explain
the anomaly of the lepton anomalous magnetic moment
a;, and produce observable signals in current or future
high-energy collider experiments [3-7].

The electroweak gauge boson Z can be copiously pro-
duced at high-energy collider experiments. Observables
related to Z have been precisely measured [8] and will
be further measured with higher accuracy in the future
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collider experiments, such as the international linear
collider (ILC) [9], the circular electron-position collider
(CEPC) [10] and the future circular collider (FCC-ee) [11].
The excellent measurement of the decay widths and
branching ratios of the gauge boson Z will provide a very
suitable tool for us to further test the SM and probe the
new physics effects.

New physics models inspired by asymptotic safety con-
tain vector-like leptons (VLLs) and new scalars [3,4,6],
which are called the VLS models in this paper. After
spontaneous symmetry breaking, VLLs and new scalars
mix with the SM leptons and Higgs boson, respectively,
which would modify the Z, W and Higgs boson cou-
plings. If the new Yukawa couplings between VLLs and
leptons have non-vanishing flavor off-diagonal couplings,
then the VLS models would contribute to the lepton-
flavor-violating (LFV) processes. Thus, the effects of the
VLS models can be probed via electroweak precision tests,
the LFV decay and production processes. The LFV Z de-
cays Z — l;1;(i # j) are one kind of processes, which are
accessible at high-energy colliders and have been exten-
sively studied in the literature (for example see [12] and
its references). Taking into account the constraints on the
VLS models, we will investigate the LE'V decays Z — [;l;
in this paper and see whether the contributions of the VLS
models to Z — [;1; can be detected in future ete™ collider
experiments, such as CEPC and FCC-ee.

The remaining parts of this paper are organized as fol-
lows. The couplings of VLLs to other particles and the
constraints on the LFV VLL couplings are reviewed in
the next section. We calculate in the third section the
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contributions of the singlet and doublet VLS models to
the LFV decays Z — [;l;. Our conclusions are given in
the fourth section.

The VLL couplings. — In this paper we focus on the
singlet and doublet VLS models described for details in
refs. [3,4,6], which predict the existence of VLLs ¢ g
being SU(2)r, singlets with hypercharge ¥ = —1 and
SU(2), doublets with Y = —1, respectively. Both models
also contain complex scalars S;; with two flavor indices
i,j = 1,2,3, which are singlets under the SM in flavor
space, number of the VLL generations is taken as 3. Then
the new Yukawa Lagrangian for these two models can be
respectively written as

—YimnjPLiSmn¥Rr; + h.C., (1)
Ee = 7[£ijEiHT1/JL]‘ — K;mnjLiSmnql}Rj

(2)

where E, L and H denote the SM lepton singlet, doublet,
and Higgs doublet, respectively. As stated in ref. [6], im-
posing SU (3)-flavor symmetries on the VLS models would
make the new Yukawa couplings , ' and y universal cou-
plings, instead of being tensors. However, the main goal of
this paper is to investigate the contributions of the VLS
models to the LFV decays Z — [;l;. So we will follow
ref. [6] and allow for additional flavor off-diagonal Yukawa
couplings between VLLs and leptons, i.e., k;; # 0 and
n;j = 0 with ¢ # j. For simplicity, we write them as

—Yimnj /l/;L’L' Sm?ﬂ/}Rj + h.C.7

3 3
ij 1 ) ) 1J 1 ! /
Qg = 2 Kmikmg, Qo = 2 Rmnlifmnls»
(4m) (4m)
2

m=1

Y
oy = . 3
Y (47)? )
For the singlet and doublet VLS models, the leading-
order couplings of VLLs with other particles, which are
related to our calculations, are given by [6,7]

L5 = —ediy Pidy + V" Vi 2 — —Llpibrh
ety M+SWCW1/J71/J u ﬁLwR]
—rkilriSTr; + hec., (4)
D — e AMhT _ € (52— L\ommur
e G T

_%lmngh — Ky lLiSg,; +hee.,
where Sy = sin 6y and Cy = cos Oy with Oy being the
weak mixing angle.

If the new Yukawa couplings between VLLs and leptons
have non-vanishing flavor off-diagonal couplings, they can
induce some LFV decay processes, such as [; — [; and
li — llpl; [6]. Following ref. [13], in the case of m; >
m, the branching ratio Br (I; — [;7) induced by the new

()

Table 1: The upper limits of Br (I; — l;) and the experimen-
tal measured values of Br (l; — ljv;v;). All data are taken
from ref. [8], except for Br (1 — py) [14].

Upper limits = ey T — ey T — Wy
42x1071 3.3 x 1078 42x107°
Measured values p — ev,bve T — eVl T — uVr,
1 17.82% 17.39%

Yukawa coupling hi;v r; can be written as

24m3a, [ Mp 2 (ozij)2
Br(l; — 1:v) = l
M2\ |?
x| f1 (M%) Br(l; — Livv;), (6)
with
r—3 Inz

) = , 7
"= Ty T ey ")

where Br (l; — l;v;77;) denotes the branching ratio of the
flavor conservation (FC) decay process l; — lv;v7;. The
VLL mass My is assumed to be equal for three genera-
tions of VLLs, where their contributions to the oblique T'
parameter is zero [15]. The values of the fine structure
constant ., the Fermi coupling constant G g, the lepton
mass m; and the mass of the SM Higgs boson M} are
taken from ref. [8].

Using the upper limits of the LFV decays I; — [
and the experimental measured values of Br (I; — Ljv;17;),
which are shown in table 1, one can easily obtain the con-
straints on the coupling factor a%/. The calculation for-
mula can be written as

2
(aij)Q < G%M}% m; 1
= Umda, \ Mp ‘f (M;)‘Q
1 M2
h

y Brlimit (Z’L N lj’Y)
Brezp (ll — ZJVZV})

(®)

In the following numerical estimation, we will take the
maximum value of a¥.

Reference [6] has shown that the mixing between the
SM boson h and scalar S can induce chirally enhanced
contributions to dipole operators, which are responsible
for the lepton anomalous magnetic moment a;, electric
dipole moment d. and LFV decays I; — ;. Thus, these
low-energy observables can generate constraints on the rel-
evant free parameters, such as £’ and the mixing angle 3.
References [4,6] have shown that the constraints on x’ are
much weaker than those on k. For simplicity, we will take
Kij /Ky = 1072 in our numerical calculation, as done in
ref. [7].
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Table 2: Current upper limits on the LFV decays Z — [;l; from LEP and LHC experiments and expected sensitivities of

CEPC/FCC-ee.

Modes LEP limits (95%CL ) LHC limits (95% CL) CEPC/FCC-ee
Br(Z — pe) 1.7 x 1076 7.5 %1077 1078109
Br(Z — Te) 9.8 x 1076 5.0 x 1076 1079
Br(Z — ) 1.2 x 1075 6.5 x 1076 1079

Fig. 1: The one-loop Feynman diagrams for the LFV Z decays Z — l;lj.

The VLS models can also contribute to the LF'V three
lepton decays [; — ljl_,.gll and the p-to-e conversion pro-
cess in nuclei. Reference [6] has discussed the constraints
on the VLS models from these processes and found that
the constraints are comparable with those from the LFEV
decays l; — ljy. Thus, taking into account the con-
straints from [; — [;7, we calculate the branching ra-
tios Br (Z — l;l;) induced by the singlet and doublet VLS
models in the follwing section.

The VLS models and the LFV Z decays Z — [;l;.
— It is well known that observables related to the gauge
boson Z have been precisely measured and will be further
measured with higher accuracy in the future collider ex-
periments. For the LFV Z decays Z — [;l;, the upper
limits on the branching ratios Br (Z — [;l;) have been su-
perseded by searches performed at the LHC [16]. The
expected sensitivities of the CEPC/FCC-ee have been es-
timated in ref. [17], which are at least two orders of magni-
tude more than the LEP experiments, as shown in table 2.
So it is very interesting to study the constributions of new
physics to the LFV Z decays Z — ;1.

From discussions given in the second section, we can see
that the new Yukawa couplings given in eqgs. (4) and (5)
can contribute to the LE'V Z decays Z — [;l; at the one-

loop level [18]. The relevant Feyman diagrams are shown
in fig. 1.

After summing up three diagrams and neglecting the
masses of the final state leptons, the branching ratios of
the decays Z — [;l; for the singlet and doublet VLS mod-
els can be respectively written as

\/§G m3 iq
Br(Z = Lil;) = 3 ii ZI' N Crog [fo(Mp, M)
™z 1o
2
+f3(Mp, M7)]| 9)
2Grm% (1 ?
BrP(Z — 1il;) = ‘/;fr;T’]Z(— 3 +S§V>
z
x| > Crajl[f2( Mg, My)

I=h,S
2

+f3(Mp, Mp)]| , (10)

where the functions fa(a,b) and f3(a,b) are given by

fa(a,b) :/0 dz(1—2)ln [wmi—i—(l—x)m%] . (11)
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Fig. 2: The branching ratios Br (Z — [;;) as functions of the mass parameter Mr. The dark and light gray areas indicate the
excluded regions given by the LHC data for singlet and doublet VLS models, respectively.

1
fg,(a,b):/0 dx

5 /1—w dnyymZZ + (mg — mg)A(]_ — X — y) — AIHA7
0
(12)

with A = —zym% + (z +y) (m2 — m}) + mj. The factor
Cr = % and 1 correspond to the SM Higgs boson h and the
new scalar S, respectively. The total decay width I'y =
2.4952 40.0023 GeV and the mass myz = 91.1876 +0.0021
GeV are taken from ref. [8]. In egs. (9) and (10) we
have summed over the two possible combinations of lepton
charges, ;1T

From eqgs. (8)—(10) we can see that the branching ratios
Br (Z — l;l;) only depend on the free parameters Mg and

Mp in the case of k;/kj; = 1072 (afj} = 104a?>. Our
numerical results are given in the two cases Mp = 2Mg
and Mg = 2Mp. Our numerical results are summarized
in figs. 2(a), (b) and (c), corresponding to the branch-
ing ratios Br(Z — pe), Br(Z — tu) and Br (Z — 1e),

respectively.

One can see from fig. 2 that the contributions of the
singlet VLS model to the branching ratios Br (Z — [;;)
are larger than those of the doublet VLS model. The
reason is that the coupling of the gauge boson Z with
a pair of VLLs in the singlet VLS model is larger than
that in the doublet VLS model and the VLL mass Mp is
assumed to be equal for three generations of VLLs. For
the LFV decay Z — pue, both the singlet and doublet
VLS models cannot make its branching ratio reach observ-
able level even if for the future eTe™ high-energy colliders.
This is not the case for the LFV decays Z — 74 and Te.
A certain range of the parameter space for the singlet or
doublet VLS model can be detected by CEPC/FCC-ee
via Z — Tu and Te processes. However, using the CMS
data collected at the /s = 13TeV LHC with the inte-
grated luminosity £ =77.4 fb™* [19], ref. [7] has given the
lower limits on the mass parameter My, which are around
300 GeV and 800 GeV for the singlet and doublet VLS
models, respectively, as shown in fig. 2. Considering the
lower limits on the mass parameter Mg, we have that the
value of the branching ratio Br (Z — Tu) or Br(Z — Te)
is smaller than 8 x 107!* in the doublet VLS model. For
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300GeV < Mg < 1000 GeV and Mp = 2Mg in the sin-
glet VLS model, there are 1.1 x 10~7 < Br(Z — 7u) <
7.7x 1072 and 8.3 x 1078 < Br(Z — 7e) < 5.9 x 1079,
which might be detected by CEPC/FCC-ee in the near
future.

Conclusions. — Asymptotically safe extensions of the
SM are one kind of interesting new physics scenarios,
which predict the existence of new singlet scalars and
vector-like fermions producing significant contributions to
some low-energy observables and rich collider phenomenol-
ogy. The singlet and doublet VLS models are two spe-
cific models featuring three generations of either SU(2)y,
singlet or doublet VLLs, which can induce some LFV
processes. Taking into account the constraints on these
VLS models from the LF'V decays I; — [; and the LHC
data, we investigate their contributions to the LF'V decays
Z — il (i # j). Our numerical results show that the new
scalars and VLLs can indeed generate significant contri-
butions to these decay processes. For the singlet VLS
model, the values of the branching ratios Br (Z — 7e)
and Br (Z — Tp) can be larger than 5 x 1079 in a wide
range of the parameter space, which might be detected by
CEPC/FCC-ee in the near future.
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