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Abstract. We perform a detailed analysis of the µ − e conversion within an extended version of
the standard model (SM) with mirror symmetry and low energy of the electroweak scale of the type
I seesaw neutrino mass generation. After a brief introduction to the model, we derive the µ − e
conversing ratio at one-loop approximation, in which the running inside are W gauge boson or
singly charged scalars accompanying with neutrinos, and neutral scalars with new leptons. We
focus, mainly, on predictions of observable possibilities and constraints set on relevant couplings
from the µ− e conversion in nuclei.
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1. Introduction

In this research, we work on a class of extended versions of the SM accommodated with
the massive neutrinos, which acquire their masses at low energy of the electroweak scale [1]. To
achieve this, a new fermion mirror sector is added to the SM by introducing a corresponding mirror
partner for each SM fermion with the same quantum numbers but opposite chirality. Right-handed
neutrinos, which are the left-handed mirror partners, accompany with the SM neutrinos to operate
the type I see-saw mechanism properly functioning [2–5]. This mass generation mechanism is
shown to be able to work at the electroweak scale, in contrast to the canonical type I see-saw,
which operates at ultra-high energy level.
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The phenomenology of µ − e conversion will be considered in the scenario of a specific
version, which was introduced after the 125 GeV SM-like Higgs scalar discovery [6, 7]. By in-
troducing two Higgs doublets, instead of only one in the original versions, two neutral candidates
are shown to have signals in agreement with ATLAS and CMS results [7]. Besides, the model
has also proved to still have a large range of available parameter space after being constrained
by the electroweak precision data [8]. Recently, phenomenology of some lepton flavor violation
(LFV) processes has been performed to give observable predictions and set more constraints on
the parameter space. At earlier stage, researchers considered only the contribution of the light
neutral scalar [6, 9–11]. Subsequently, the contributions of other new heavy particles, including
the neutral and singly charged scalars, have also been taken into account [12, 13].

The µ− e conversion is a hypothetical process in which a muon, after being captured by a
nucleus, converts into an electron without emitting any neutrino. The process can occur only in
some extended versions of the SM with lepton flavor violations. Therefore it is considered as an
important channel in identifying new physics beyond the SM. The present best upper limits of the
µ − e conversion ratios are: CR(µTi→ eTi) < 4.3×10−12 and CR(µAu→ eAu) < 7.0×10−13

at 90% confidence level by the SINDRUM-II [14, 15]. The future experimental sensitivity for Ti
nuclei is expected to be CR(µTi→ eTi) ∼ 10−18 [16]. While the designed sensitivities of Mu2e
and COMET using Al nuclei are about 10−17 [17, 18].

In this research, we will examine the phenomenology of µ− e conversion in the upgraded
version that was introduced after the discovery of the 125 GeV SM-like scalar. In addition to
the light scalar, we will also consider contributions from other heavy scalars that have not been
previously taken into account. The contents are arranged as follows: Sect. 1 is for introduction.
In Sect. 2 we briefly introduce the model and involved LFV vertices. In Sect. 3, the derivation
and numerical analysis of the conversion rate are detailedly performed. Finally, Sect. 4 is for
conclusions and discussions.

2. A review of the model

2.1. The model content

The model of interest in this research is an extended version of the SM, which is constructed
based on the symmetric group SU(2)×U(1)Y ×Z4

SM×Z4
MF , in which SU(2)×U(1)Y is the gauge

group, and Z4
SM × Z4

MF is a discrete global symmetry. The field contents and their transforma-
tions under the above symmetry are detailedly shown in Table 1. Discrete symmetry Z4

SM×Z4
MF

are introduced to prevent some unexpected interactions. Transformations of a given field Ψ with
(ωα

a ,ω
β

b ) under Z4
SM×Z4

MF are defined as Ψ→ ωα
a Ψω

β

b , where α,β are integer numbers within
[0,3] and ω4

a =ω4
b = 1.

Note that accompanying with a given SM fermion is a particle, called as mirror partner,
with the same quantum number but opposite chirality. The right-handed neutrinos, which naturally
appear as mirror partners of those corresponding left-handed ones, are not SU(2)×U(1)Y singlets;
therefore they are non-sterile and take part in the weak interaction. Apparently, discrete symmetry
Z4

SM ×Z4
MF defined in the earlier part only allows Φ2 to couple to SM fermions, while Φ2M will
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Table 1. Model’s field contents and their transformations under gauge and global dis-
crete symmetries, here ωa, ωb respectively characterize for Z4

SM and Z4
MF transformations,

where ω4
a =ω4

b = 1.

Multiplets SU(2)×U(1)Y Z4
SM Z4

MF
`L = (νL, eL)

T , qL = (uL,dL)
T (2,−1), (2,1/3) ω3

a 1
`M

R = (νR, eM
R )T , qM

R = (uM
R , dM

R )T (2,−1), (2,1/3) 1 ω3
b

eR, uR, dR (1,−2), (1,4/3), (1,−2/3) ωa 1
eM

L , uM
L , dM

L (1,−2), (1,4/3), (1,−2/3) 1 ωb
Φ2 = (φ+

2 ,φ 0
2 ) (2,1) ω2

a 1
Φ2M = (φ+

2M,φ 0
2M) (2,1) 1 ω2

b
χ =

(
χ++,χ+,χ0

)
(3,2) 1 ω2

b
ξ =

(
ξ+,ξ 0,ξ−

)
(3,0) 1 1

φS (1,0) ω3
a ωb

couple to the mirror partners. The singlet φS transforms nontrivially under both Z4
SM and Z4

MF will
couple to a normal and a mirror fields. Detailed expressions of the Yukawa couplings are:

L `
Y = g` ¯̀LΦ2eR +gM

`
¯̀M
R Φ2MeM

L +g`s ¯̀Lφs`
M
R +g′`sē

M
L φseR +h.c., (1)

L q
Y = guq̄LΦ̃2uR +gM

u q̄M
R Φ̃2MuM

L +gd q̄LΦ2dR +gM
d q̄M

R Φ2MdM
L

+gqsq̄LφsqM
R +g′usū

M
L φsuR +g′dsd̄

M
L φsdR +h.c., (2)

LνR = gM

(
lM,T
R σ2

)
(iτ2χ̃) lM

R , (3)

where σ2 and τ2 are both the second Pauli matrix, Φ̃2 = iσ2Φ∗2, Φ̃2M = iσ2Φ∗2M, and χ̃ is 2 by 2
matrix form of the complex Higgs triplet with Y = 2

χ̃ =

(
1√
2
χ+ χ++

χ0 − 1√
2
χ+

)
. (4)

In eq. (3), two different notations are used for the second Pauli matrix to identify that σ2 acts
on the space of two-component Weyl spinors, while τ2 acts on the space of SU(2) isospin. We
expect to have Hermetic charged fermion mass matrices, which simply implies g′`s = g†

`s, g′us = g†
us

and g′ds = g†
ds, respectively. Note that discussion on the quark sector will not be performed in this

letter, because it does not involve in the phenomenology of physical quantity under consideration
of this research.

2.2. Symmetry breaking and mass generations

Before carry on discussion on the mechanisms of symmetry breaking and mass genera-
tion, let us denote the vacuum expectation values (VEV) of relevant Higsgs multiplets as follows:
〈Φ2〉 = (0,v2/

√
2)T , 〈Φ2M〉 = (0,v2M/

√
2)T , 〈χ0〉 = vM, and 〈φS〉 = vS. From eq. (1), charged

lepton mass matrix is easily obtained as:

M` =

(
m` mD

`
(mD

` )
† m`M

)
, (5)
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where mD
ν = mD

` = g`svS, m` = g`v2/
√

2, and m`M = gM
` v2M/

√
2. Based on the current experi-

mental status of searching new fermions beyond the standard model, we reasonably assume that
m`M�m` and m`M,m`�mD

` . The assumption allows us to approximately block-diagonalize M`,
the final result arrives at:

m̃` = m`−
(mD

` )
2

m`M−m`
≈ m`, m̃`M = m`M +

(mD
`M)2

m`M−m`
≈ m`M, (6)(

`L(R)
`M

L(R)

)
=

(
U`L(R) −R`UM

`L(R)

R†
`U`L(R) UM

`L(R)

)(
`′L(R)
`M′

L(R)

)
, (7)

where `′L(R), `M′
L(R) are respectively the normal and mirror charged leptons in the mass basis;

R` ≈
mD
`

m`M
� 1, and m̃` = U`Lmd

`U
†
`R, m̃`M = UM

`Lmd
`MUM

`R
†, in which md

` and md
`M are diagonal

matrices.

Similarly, neutral leptons achieve their masses through a matrix of canonical form of the
type-I see-saw mechanism

Mν =

(
0 mD

ν

(mD
ν )

T MR

)
, (8)

where MR = gMvM. Approximately block-diagonalizing (8), while keeping in mind that MR�mD
ν ,

the result reads

m̃ν ≈−
(mD

ν )
2

MR
=−(g`svS)

2

gMvM
, m̃νR ≈MR. (9)(

νL
(νR)

c

)
=

(
Uν −RνUM

ν

R†
νUν UM

ν

) (
χL
χM

L

)
. (10)

Here, Rν ≈ mD
ν

MR
is the ratio of the neutrino Dirac and Majorana mass matrices; Uν and UM

ν are
transformation matrices to diagonalized m̃ν and m̃νR, respectively. Although the light neutrino
mass matrix m̃ν defined in (9) is experimentally constrained to be at sub-eV order, MR could be
relevant as low as the electroweak scale. For instance, (g2

`s/gM)∼ O(1) and vS ∼ O(105 eV ).

We know that when triplets are introduced into the model, the tree-level result
ρ = M2

W/M2
Z cos2 θW = 1 might be spoiled out. However, it is proved in [19] that, if the Higgs

potential has global SU(2)L⊗SU(2)R symmetry and Higgs alignments are arranged in a way such
that a custodial SU(2) symmetry is preserved after the symmetry broken then ρ = 1. For the rea-
son, the triplets are arranged to transform as (3,3) and the two doublets as (2,2) under the global
symmetry:

χ =

 χ0 ξ+ χ++

χ− ξ 0 χ+

χ−− ξ− χ0∗

 , Φ2 =

(
φ

0,∗
2 φ

+
2

φ
−
2 φ 0

2

)
, Φ2M =

(
φ

0,∗
2M φ

+
2M

φ
−
2M φ 0

2M

)
. (11)

The corresponding vacuum expectation values are:

〈χ〉=

 vM 0 0
0 vM 0
0 0 vM

 , 〈Φ2〉=

(
v2√

2
0

0 v2√
2

)
, 〈Φ2M〉=

(
v2M√

2
0

0 v2M√
2

)
. (12)



D. N. Dinh et al. 359

Vacuum expectation values of the real components of Φ2, Φ2M and χ satisfy the conditions

v2
2 + v2

2M +8v2
M = v2 , (13)

where v≈ 246 GeV . For convenience in further discussions, the following notations are used:

s2 =
v2

v
; s2M =

v2M

v
; sM =

2
√

2 vM

v
. (14)

Next, we discuss the physical scalars, which are generated from the seventeen degrees of freedom
of the two Higgs triplets (one real and one complex) and two Higgs doublets after three of them are
absorbed to give masses to W’s and Z. Those that are mass-degenerate are elements of the same
multiplets of the global custodial symmetry. Careful consideration shows that there are a five-plet
(quintet) (H±±5 , H±5 , H0

5 ), two triplets (H±3 , H0
3 ), (H

±
3M, H0

3M) and three singlets H0
1 , H0

1M, H0′
1 .

Three singlets H0
1 , H0

1M, H0′
1 are not physical states, in general, they are linear combinations

of mass eigenstates (H̃0
1 , H̃0

2 , H̃0
3 ) as H0

1 = ∑
3
i αiH̃i, H0

1M = ∑
3
i αM

i H̃i, where ∑
3
i |αi|2 = 1 and

∑
3
i |αM

i |2 = 1. Note that one of the three neutral mass states above is the SM-like Higgs scalar
discovered by LHC [7]. Finally, the degree of freedom of the light Higgs φS is a singlet scalar,
denoted as φ 0

s , after the mass generation mechanism.

2.3. The LFV vertices

In this under consideration model, the field content is enlarged with mirror fermions, which
are not SU(2)L singlet and thus participate in the weak interactions. Consequently, the LFV in-
teractions can occur at tree-level. Their expressions in the mass basis are detailed in Table 2 and
equations from (15) to (20) [12, 13]. To obtain the results, we have dropped terms that are sub-
leading of the second order of Rν(`) and higher and assumed that the charged lepton and mirror
charged lepton mixing matrices are real and U`L =U`R =U`, UM

`L =UM
`R =UM

` for more simplicity
in further discussions.

Table 2. Lepton flavor violation vertices that contribute to the process of µ → e conversion.

Vertices Couplings
(ē′Lγµ χL)W−µ −i g√

2
UL

Wµ
=−i g√

2
UPMNS

(ē′Lγµ χM
L )W−µ −i g√

2
UML

Wµ
= i g√

2
R̃ν

(
UM

PMNS

)∗
(ē′Rγµ χc

L)W
−
µ −i g√

2
UR

Wµ
=−i g√

2
R̃T

ν (UPMNS)
∗

ē′RχLH−3 −i g
2Y L

H−3
=−i g sM

2MW cM
md
`UPMNS

ē′RχM
L H−3 −i g

2Y ML
H−3

= i g sM
2MW cM

md
` R̃ν

(
UM

PMNS

)∗
ē′LχMc

L H−3 −i g
2Y MR

H−3
=−i g sM

2MW cM
R̃`md

`MUM
PMNS

ē′RχLH−3M −i g
2Y L

H−3M
=−i g s2M

2MW s2cM
md
`UPMNS

ē′RχM
L H−3M −i g

2Y ML
H−3M

= i g s2M
2MW s2cM

md
` R̃ν

(
UM

PMNS

)∗
ē′LχMc

L H−3M −i g
2Y MR

H−3M
=−i g sM

2MW s2McM
R̃`md

`MUM
PMNS

ē′ReM
L
′
φ 0

s −i g
2Y ML

φ 0
s

=−iU†
`Rg`sUM

`L =−ig̃`s
ē′LeM

R
′
φ 0

s −i g
2Y MR

φ 0
s

=−i U†
`Lg`sUM

`R =−ig̃`s
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Fig. 1. Three groups of diagrams with photon exchange provide leading contributions to
the µ− e conversion, where H− stands for H−3 and H−3M; H0 stands for H̃0

i , H0
3 and H0

3M .

(ē′ReM
L
′
H̃0

i ) − i
g
2

Y ML
H̃0

i
=−i

g
2MW

[
αi

s2
md
` R̃`+

αM
i

s2M
R̃`md

`M

]
, (15)

(ē′LeM
R
′
H̃0

i ) − i
g
2

Y MR
H̃0

i
=−i

g
2MW

[
αi

s2
md
` R̃`+

αM
i

s2M
R̃`md

`M

]
, (16)

(ē′ReM
L
′
H0

3 ) − i
g
2

Y ML
H0

3
=−i

g
2MW

[
sM

cM
md
` R̃`+

sM

cM
R̃`md

`M

]
, (17)

(ē′LeM
R
′
H0

3 ) − i
g
2

Y MR
H0

3
=−i

g
2MW

[
− sM

cM
md
` R̃`−

sM

cM
R̃`md

`M

]
, (18)

(ē′ReM
L
′
H0

3M) − i
g
2

Y ML
H0

3M
=−i

g
2MW

[
−s2M

s2
md
` R̃`−

s2

s2M
R̃`md

`M

]
, (19)

(ē′LeM
R
′
H0

3M) − i
g
2

Y MR
H0

3M
=−i

g
2MW

[
s2M

s2
md
` R̃`+

s2

s2M
R̃`md

`M

]
. (20)

Here one has used the notations UPMNS = U†
` Uν , which is the famous PMNS mixing matrix,

UM
PMNS =UM†

` UM
ν and R̃`(ν) =U†

` R`(ν)UM
` .

3. Phenomenology of µ− e conversion

3.1. One-loop form-factors and µ− e conversion ratio

To derive the µ−e conversion rate in a generic nucleus N , one has to obtain the µ−e
effective Lagrangian by calculating loop integral factors. In some previous works, one-loop dia-
grams with various kinds of internal lines have been detailedly calculated [12, 20–23]. In the cur-
rent work, the leading effective charged lepton flavor-changing operators arise at one-loop level
with photon exchange, where the virtual particles running inside are either physical Higgs scalars
or W gauge bosons accompanied by relevant leptons. Their Feynman diagrams are shown in
Fig. 1. The calculation result can be summarized as follows:
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Le f f =−4
eGF√

2

(
mµ AR eσ

αβ PR µ Fβα +mµ AL eσ
αβ PL µ Fβα + h.c.

)
− e2 GF√

2

[(
CV

L eγ
α PL µ +CV

R eγ
α PR µ

)
∑

Q=u,d
qQQγα Q + h.c.

]
. (21)

Here AL,R, CV
L,R are the form factors:

AR = − ∑
HQ,k

M2
W

64π2M2
H

[(
Y L

H
)

µk

(
Y L

H
)∗

ek GQ
H(λk)+

mk

mµ

(
Y R

H
)

µk

(
Y L

H
)∗

ek×RQ
H(λk)

]
+

1
32π2 ∑

k

[(
UL)

µk

(
UL)∗

ek Gγ(λk)−
mk

mµ

(
UR)

µk

(
UL)∗

ek Rγ(λk)

]
, (22)

AL = − ∑
HQ,k

M2
W

64π2M2
H

[(
Y R

H
)

µk

(
Y R

H
)∗

ek GQ
H(λk)+

mk

mµ

(
Y L

H
)

µk

(
Y R

H
)∗

ek RQ
H(λk)

]
+

1
32π2 ∑

k

[(
UR)

µk

(
UR)∗

ek Gγ(λk)−
mk

mµ

(
UL)

µk

(
UR)∗

ek Rγ(λk)

]
, (23)

CV
L =− ∑

HQ,k

M2
W

8π2M2
H

(
Y L

H
)

µk

(
Y L

H
)∗

ek V Q
H (λk)+

1
4π2 ∑

k

(
UL

Wµ

)
µk

(
UL

Wµ

)∗
ek

Vγ(λk), (24)

CV
R =− ∑

HQ,k

M2
W

8π2M2
H

(
Y R

H
)

µk

(
Y R

H
)∗

ek V Q
H (λk)+

1
4π2 ∑

k

(
UR

Wµ

)
µk

(
UR

Wµ

)∗
ek

Vγ(λk), (25)

where HQ = φ 0
S , H̃

0
i (i = 1,2,3), H0

3 ,H
0
3M, H+

3 ,H+
3M is a particle with electric charge Q, and mk are

the masses of associated fermions that accompany with either HQ or Wµ in the loops. Note that,
the index k runs for all possible particles accompanying with HQ, then the quantities UL(R), as
an example for the case of gauge boson loop, can be UL(R)

Wµ
or UML(MR)

Wµ
depending on the particle

with index k whether the light or heavy neutrino, respectively. The same notations are used for
Y L(R)

H . The functions GQ
H(x), RQ

H(x), Gγ(x), Rγ(x), Vγ(x) and V Q
H (x) listed from eqs. (22) to (25)

are defined as:

GQ
H(x) = − (3Q−1)x2 +5x−3Q+2

12(x−1)3 +
1
2

x(Qx−Q+1)
2(x−1)4 log(x), (26)

RQ
H(x) =

(2Q−1)x2−4(Q−1)x+2Q−3
2(x−1)3 − Qx− (Q−1)

(x−1)3 log(x), (27)

V Q
H (x) =

(7−18Q)x2 +(36Q−29)x−18Q+16
36(x−1)3 +

Qx3−3(Q−1)x+2(Q−1)
6(x−1)4 log(x), (28)

Gγ(x) =
11x2−7x+2

4(x−1)3 − 3
2

x3

(x−1)4 logx, Rγ(x) =−
x2 + x−8
2(x−1)2 +

3x(x−2)
(x−1)3 log(x), (29)

Vγ(x) = −20x2−33x+7
12(x−1)3 − x4−10x3 +12x2

6(x−1)4 log(x), (30)

where notation λk = m2
k/M2

Wµ (HQ)
has been used. Note that the functions GQ

H(x), RQ
H(x), Gγ(x),

Rγ(x), Vγ(x) and V Q
H (x), are valid for x variable varying in the interval [0,+∞).
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Table 3. Nuclear parameters related to µ−e conversion in 48
22Ti, 27

13Al and 197
79 Au are taken

from [24].

N D m−5/2
µ V (p) m−5/2

µ V (n) m−5/2
µ Γcapt (106 s−1)

48
22Ti 0.0864 0.0396 0.0468 2.590

27
13Al 0.0362 0.0161 0.0173 0.7054

197
79 Au 0.189 0.0974 0.146 13.07

The expression for the µ− e conversion rate derived from effective Lagrangian (21) using
the effective field theory approach developed in [24] arrives at

CR(µ N → eN ) ∼= (4παem)
2 2G2

F

Γcapt

(∣∣∣∣AR
D√

4π αem
+ (2qu +qd)CV

L V (p)
∣∣∣∣2

+

∣∣∣∣AL
D√

4π αem
+ (2qu +qd)CV

R V (p)
∣∣∣∣2
)
. (31)

Here, αem = 1/137 is the fine-structure constant, GF is the Fermi constant, and qu and qd are re-
spectively the electric charges of quarks u and d. The quantities denoted by D and V (p) are overlap
integrals of the muon and electron wave functions (see, e.g. [24]). Numerically, the parameters
Dm−5/2

µ , V (p) m−5/2
µ , and Γcapt for 48

22Ti, 27
13Al and 197

79 Au are detailedly listed in Table 3.

3.2. The numerical analysis of µ− e conversion

In this section, we perform a numerical analysis of the µ − e conversion ratio expressed
by (31) using the current and future expected experimental data. For better understanding and
simplicity, we separately consider the contributions of one-loop diagrams with virtual W gauge
boson, neutral and singly charged Higgs scalars. Moreover, we assume that three heavy neutrinos
are degenerated in masses, which are denoted as mM

χ . Similarly, the same assumption is supposed
for three mirror charged lepton masses mM

` . Numerically, masses of heavy neutrinos, new charged
leptons, and Higgs scalars (except φ 0

s ) generated after the spontaneous symmetry breaking are
expected to be in the range of the W mass to several hundreds GeV in the electroweak scale. Mass
of the lightest physical scalar φ 0

s is considered in the same range as vS, which is supposed to be
from hundreds of keV to a few tens of GeV.

The constraints on the magnitude of the interaction between W-boson and heavy neutrinos
by the µ − e conversion in some given nuclei are intuitively shown in Fig. 2. The four peaks
occurring in the figure can be understood as the vanishing of the first term in (31) at some specific
values of the heavy neutrino mass, when the right sector does not participate in the process. The

most stringent constraint to be obtained is:
∣∣∣UML†

W UML
W

∣∣∣2
eµ

≤ 7.02×10−14, at mM
χ = 80 GeV, using
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Fig. 2. The upper bound on
∣∣∣UML†

W UML
W

∣∣∣2
µe

as function of the heavy neutrino mass mM
χ

using: the current upper limit of µ − e conversion for nuclei i, CR(µTi→ eTi) < 4.3×
10−12 (solid blue); ii, CR(µAu→ eAu)< 7.0×10−13 (solid red); and the future expected
upper limit of µ− e conversion rate for nuclei iii, CR(µAl→ eAl) < 1.0×10−17 (solid
magenta); iv, and for CR(µTi→ eTi)< 10−18 (dash blue); for the channel of virtual W-
boson and heavy neutrinos.

the future expected sensitivity of the µ − e conversion experiment for 48
22Ti. Upper bound of the

above quantity, in fact, can be theoretically estimated in this model. Using the upper limit on light
neutrino mass matrix, m̃ν = (mD

ν )
2

MR
∼ 10−10 GeV and Rν = mD

ν

MR
∼ 10−5

√
1GeV

MR
, one easily implies

|Rν |2 ∼ 10−12 for MR ∼ 100 GeV. Therefore
∣∣∣UML†

W UML
W

∣∣∣2
eµ

∼ |Rν |4 ∼ 10−24, which is about ten

orders smaller then the upper bound obtained from the figure.
In contrast to the first case, in the later considered channels involving the neutral (both light

and heavy) and singly charged Higgs scalars, both left and right sectors participate simultaneously.
Therefore, their contributions to the conversion rate are substantially different. For these cases, it
can be evaluated quantitatively from (22) and (23) that the dominated contributions are provided
by the interference terms, which are enhanced by the factor mk/mµ ∼ 1000, where mµ = 106 MeV
is the muon mass and mk ∼ 100 GeV is the heavy neutrino or mirror lepton mass, depending on
the specific case. This fact is intuitively shown in Fig. 3 and Fig. 4 as an example for the cases
of singly charged Higss scalars. Fig. 3 is produced when only Y L

H is taken into account, while
Fig. 4 is made when both Y L

H and Y R
H are considered. The constraints on the Yukawa couplings

in Fig. 4 are much more stringent than those obtained from Fig. 3, which are consistent with the
above estimation about the domination of the interference terms.



364 µ− e conversion in a model of electroweak scale right-handed neutrino mass . . .

0 100 200 300 400 500 600 700
10

−10

10
−5

10
0

10
5

10
10

m
H

− (GeV)

|(
Y

H
−
)+

Y
H

−
| µ

 e

2

Fig. 3. Constraint on the relevant Yukawa couplings as function of scalar mass mH− for
the case of singly charged Higgs scalar, when only Y L

H is taken into account using: the
current upper limit of µ−e conversion for nuclei i, 48

22Ti (solid blue); ii, 197
79 Au (solid red);

and the future expected upper limit of µ − e conversion rate for nuclei iii, 27
13Al (solid

magenta); iv, and for 48
22Ti (dash blue).
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Fig. 4. Constraints by the µ − e conversion on the relevant Yukawa couplings for the
case of singly charged Higgs scalar, when both Y L

H and Y R
H are taken into account. Here,

|(Y ML)†Y MR|2µe+ |(Y MR)†Y ML|2µe = |(Y ML
H− )

†Y MR
H− |

2
µe+ |(Y MR

H− )
†Y ML

H− |
2
µe. The blue, red, ma-

genta and green lines correspond respectively to the current upper limits of the µ−e con-
version: i, CR(µTi→ eTi)< 4.3×10−12; ii, CR(µAu→ eAu)< 7.0×10−13, and to the
future expected limits iii, CR(µAl→ eAl) < 1.0× 10−17; iv, CR(µTi→ eTi) < 10−18,
for mM

χ = 80 (400) GeV, solid (dash) lines.
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Fig. 4 shows curves with the shape of monotonically increasing functions, which implies
that the stringency of the constraints on the Yukawa couplings reduces as the scalar mass mH−

increases. At mH− = 80 GeV, for mM
χ = 80 GeV and using the current (or future expected) upper

bounds on µ− e conversion ratios for nuclei 48
22Ti, one obtains respectively:

|(Y ML
H− )

†Y MR
H− |

2
µe + |(Y MR

H− )
†Y ML

H− |
2
µe . 8.23×10−12(1.90×10−18). (32)

Note that the above equation is common for both H−3 and H−3M. Direct calculation for the case of
H−3M using Table 2, one has∣∣∣Y L†

H−3M
Y R

H−3M

∣∣∣2
21

+
∣∣∣Y R†

H−3M
Y L

H−3M

∣∣∣2
21
=

(
sM

s2c2
M

)2
∣∣md

` R̃νmd
`MR̃`

∣∣2
21 +

∣∣R̃`md
`MR̃νmd

`

∣∣2
21

M4
W

∼ 10−24
(

sM

s2c2
M

)2

×
(

3mµmM
`

M2
W

)2

∼ 2.2×10−29
(

sM

s2c2
M

)2

. (33)

To have (33), we have used R` ∼ 10−6, which can be derived the same way as Rν . While
R̃`(ν) =U†

` R`(ν)UM
` ∼ 10−6 are estimated to be at the same order as R` and Rν , because the basis

transformation matrices U` and UM
` are normalized. Additionally, the heavy neutrino and mirror

lepton masses are assumed to be about 100 GeV. The upper limit in (33) still has distance with
the upper bound given by the present best constraint on µ − e conversion for the 48

22Ti. However,
it might be in the sensitivity range of the future experiment if s2 and cM are both not lager than
about 0.01. For the case of H−3 , the factor ( sM

s2c2
M
)2 is replaced by ( sM

c2
M
)2, that makes (33) harder to

be within the sensitive limit of about 10−18, which satisfies only for cM < 0.001. However, these
cases are not realistic, because, for example, if s2 is small, which leads to a small magnitude of v2,
then it cannot provide accurate masses for the heavy quarks.

Finally, the constraints on the relevant Yukawa couplings as functions of the neutral heavy
(light) scalar masses are shown in the Figure 5, in the left (right) panel, respectively. The upper
bounds for the cases of the heavy neutral scalars using the current (near future) experiments with
48
22Ti, for mM

` = 80 GeV and mH0 = 80 GeV, read:

|(Y ML
H0 )†Y MR

H0 |2µe . 1.06×10−12(2.29×10−18). (34)

To evaluate the sensitivity of the under consideration channel with the experiments, let’s compare
(34) with the theoretical estimation of |(Y ML

H0 )†Y MR
H0 |2µe, which is∣∣∣Y L†

H0Y R
H0

∣∣∣2
21
= α

4×
∣∣R̃`(md

`M)2R̃`

∣∣2
21

M4
W

∼ 2.2×10−23
α

4, (35)

where α stands for αi
s2

, sM
cM

or s2
s2M

, corresponding to H̃0
i , (i= 1,2,3), H0

3 or H0
3M, respectively. Com-

pare with the previous case (see (33)), this result is about six orders more sensitive. For instance,

if cM = 0.01, one easily has
∣∣∣Y L†

H0
3M

Y R
H0

3M

∣∣∣2
21
∼ 2.2× 10−15, which is about three times larger than

the required value to be within the sensitivity of the future experiment. In fact, to reach the future
sensitive limit given in (34), the appropriate cM is not larger than 0.056. Similar results are also
obtained for other heavy neutral scalars, H̃0

i , (i = 1,2,3) and H0
3 .
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Fig. 5. Upper constraints on the Yukawa couplings as functions of the mass of the neutral
heavy (light) scalar, shown in the top-panel (bottom-panel) for mM

` = 80 (400) GeV as
solid (dash) lines. The blue, red, magenta and green lines correspond respectively to
the current upper limits of the µ − e conversion for nuclei 48

22Ti, 197
79 Au, and to the future

expected limits for 27
13Al and 48

22Ti.

For the channel of the light neutral scalar, constraints on the Yukawa couplings are shown
in the left-panel of Figure 5. The figure shows that lines describing the constrained stringency are
constantly depended on the light neutral Higgs mass until about 10 GeV, then slowly go up. In the
steady region, one has for the cases of 48

22Ti nuclei that

|(Y L
φ 0

s
)†Y R

φ 0
s
|2µe . 4.46×10−13(1.06×10−18). (36)

This result can be recasted as

|g̃†
`sg̃`s|µe ≤ 5.29×10−8(7.92×10−11). (37)
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Note that (36) and (37) are derived respectively using the current (future) experimental sensitivities
and at mM

` = 80 GeV. In fact, the upper bounds on the magnitude of |g`s| have been specified in
some previous phenomenological researches. For instant, by studying the decay H0

3 → ¯̀M`M →
¯̀φs`φ

∗
s , where φs is invisible and considered as missing transverse energy, due to no excess over the

background was detected at both ATLAS and CMS, one has an upper limit |g`s|2 ≤ 10−6 (see [7]).
Less stringent than the above, the constraint from the anomaly of muon magnetic dipole moment
implies |g̃†

`sg̃`s|µµ ' 5.39×10−5 [13]. Moreover, using the current (expected future) sensitivities
of the lepton flavor violation decay µ → eγ , the result |g̃†

`sg̃`s|µe ≤ 5.29× 10−10 (1.96× 10−10)

for mM
` = 80 GeV is obtained in [12]. The current constraint by µ → eγ decay is indeed more

stringent then that given by the present upper bound on µ − e conversion. However, the future
planned experiment of µ−e conversion is more sensitive than the µ→ eγ decay in the framework
of the under consideration model.

4. Conclusion

In this research, we have briefly introduced the model of low energy scale type I see-saw
with mirror symmetry, and performed numerical analysis for the µ−e conversion using the current
and future experimental sensitivities. The conversion rate is calculated at one-loop approximation
with participation of neutrinos along with W boson or singly charged scalars and light or heavy
neutral scalars with charged leptons. The contributions of channels with neutrinos and singly
charged scalars are insignificant and can be disregarded. While the contributions of the both light
and heavy neutral scalar channels are shown to be able to reach the sensitivity of the designed
experiment of the µ− e conversion for 48

22Ti nuclei. Much more sensitive than the cases of singly
charged ones, the channels of light and heavy neutral scalars have less stringent constraints on the
Yukawa couplings for the conversion signals to be probed by the future experiment. For instance,
for the case of H0

3M, the couplings might reach the sensitive limit with cM ≤ 0.056. As the most
promising case, the contribution of light scalar channel also has potential to be within the future
experimental sensitive range for |g̃†

`sg̃`s|µe > 7.92× 10−11. Moreover, in the framework of this
model, the planned µ − e conversion experiment is demonstrated to be more sensitive than the
future µ → eγ decay experiment.
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