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Abstract We investigate herein the phenomenology of
n — ey decay in a scenario of the class of extended models
with non-sterile right-handed (RH) neutrinos at electroweak
(EW) scale proposed by P. Q. Hung. The field content of the
standard model (SM) is increased by introducing for each SM
fermion a corresponding mirror partner with the same quan-
tum numbers along with opposite chirality. Light neutrino
masses are generated via the type I seesaw mechanism, and
it is also proved to be relevant to low energy within the EW
scale of RH neutrino masses. We introduce the model and
derive the branching ratio of the © — ey decay at one-loop
approximation with the participation of W gauge boson and
neutral and singly charged Higgs scalars. We then set con-
straints on relevant parameters and predict the sensitivity of
the decay channel under the present and future experiments.

1 Introduction

The electroweak-scale right-handed neutrino (EW-scale vg)
model is an extended version of the standard model (SM)
that was proposed for the first time in [1]. The fermion con-
tent is doubled by introducing a mirror partner for each of
the SM particles, thus corresponding to a mirror component
of the normal fermion, with opposite chirality. To obey the
mirror symmetry, right-handed mirror neutrinos and leptons,
for example, are combined to form a doublet of the model’s
gauge symmetry SU (2) x U (1)y. Other particles in the mir-
ror sector are arranged in a similar way.

With left-handed and right-handed neutrinos introduced
in the normal and mirror sectors, respectively, adequate con-
ditions are acquired for the type I seesaw mechanism oper-
ating to give masses for light active neutrinos [2-5]. In con-
trast to the normal type I seesaw, in which the Dirac mass
matrix is generated at electroweak scale, and therefore right-
handed neutrino masses should generally be extremely heavy
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to ensure SM active neutrino masses as small as experiments
have identified, the Dirac mass matrix in the current model
is given by a new Higgs singlet apart from the mechanism of
SM mass production. It is proved that if the vacuum expec-
tation value (VEV) of the Higgs singlet is at relevant scale,
the heavy Majorana mass matrix is about 100 GeV, and thus
at the EW scale [1].

Apparently, the mirror partners of the SM matter particles
introduced in this model, which may affect various phys-
ical phenomena, have to confront the experimental high-
precision measurements of the EW processes. The effects
of extra chiral doublets were carefully examined in [6]. The
research shows that there is still large free parameter space
after being constrained by the EW precision data. One of the
exciting explanations that has been demonstrated is the par-
tial cancellation of the contributions from the mirror fermions
by those of the physical scalars, especially the SU (2) triplets.
An updated version was introduced after the discovery of the
125 GeV SM-like scalar [7,8], which has opened a new stage
for elementary particle physics, particularly model building
for physics beyond the SM. Unlike the old version, an addi-
tional Higgs doublet has been introduced to give masses for
mirror quarks and charged leptons (mirror sector), and the
original one for those of the normal sector. Two candidates
are found to have signals in agreement with ATLAS and CMS
observations [9].

Despite compelling evidence for lepton flavor violations
(LFV) in neutrino oscillations, all efforts searching for those
in the charged lepton sector have given negative results so
far. In fact, it has been demonstrated that with minimal exten-
sions of the SM with massive neutrinos, the rates of LFV pro-
cesses involving the charged leptons are so tiny that they are
unobservable in practice. For instance, the © — ey decay
branching ratio is estimated at about 107 using the cur-
rently known neutrino oscillation data [10—12]. For this rea-
son, the decay is considered one of the most important chan-
nels in looking for signals of physics beyond the SM. From
the experimental perspective, the best upper limit is implied
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from the non-observation of the muon decay u — ey given
by MEG in 2016 [13]

BR(ut — eTy) <42 x 1071, (D)
and it was recently upgraded to work at sensitivity [14,15]
BR(ut — eTy) < 6.0 x 10714, )

From the theoretical perspective, a large number of stud-
ies have investigated the same topic in various scenarios of
physics beyond the SM [10-12,16-30]. Among them, the
i — ey branching ratios and related consequences in the
schemes of EW-scale vz models considered are discussed for
three different versions, namely the original [25], the updated
with light of the 125 GeV SM-like Higgs scalar discovery
[26], and an extension with A4 discrete symmetry [27].

Although the phenomenology of & — ey decay in the
three abovementioned EW-scale vg scenarios has been con-
sidered, these studies have only taken into account the contri-
butions of one-loop diagrams, which are formed by the light
neutral scalar and the mirror charged leptons. The theoreti-
cally predicted branching ratio confronted with the experi-
mental upper bound will set upper limits on the magnitudes
of Yukawa couplings involving the Higgs singlet. Follow-
ing that, the light singlet vacuum expectation value v is
identified to have right Dirac mass magnitude for the see-
saw mechanism working properly with 100 GeV Majorana
right-handed neutrino masses to generate sub-eV scale of
those for the light active neutrinos. However, this is only
part of the whole story. At one-loop approximation, there are
still contributions from diagrams with W~ gauge bosons and
other neutral and singly charged scalars. These contributions
may be sizable, and therefore careful consideration must be
given to set constraints on the interaction strengths involved
or to evaluate their observed possibilities with the current and
future experiments.

As the aim of this study, we discuss the phenomenology
of u — ey decay in the scenario of the EW-scale vg model
with two Higgs doublets, with the extended version to accom-
modate the 125 GeV SM-like scalar detection [9,26]. The
process is considered up to one-loop approximation with par-
ticipation of light physical scalar and other particles, which
have not been studied in the previous works. The paper is
divided into four main sections as follows. After the intro-
duction presented in this section, in Sect. 2 we briefly intro-
duce the model and present the relevant LFV vertexes which
contribute to our process of interest. In Sect. 3, after intro-
ducing the form factors with explicit algebraic expressions,
we derive the decay branching ratio and perform numerical
analysis. The conclusion is given in Sect. 4.
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2 A review of the model
2.1 The model content

As mentioned above, this study investigates an extended ver-
sion of the EW-scale vg model, which is constructed based on
the symmetric group SU(2) x U(1)y x U(1)syy x U(1) yF-
The SU(2) x U(1l)y is the gauge group of the model, and
U(Dsy x U(1) pF is a global symmetry introduced to for-
bid some unexpected interactions. Matter fields are arranged
as follows under the gauge group:

SM particles Mirror particles
€= (e, e)’ er o = (vg, efDT, eV
qr = (up.dp)", ug.dr qy =@y, ai)', ull, a).

With this choice, in contrast to the SM, right-handed neutri-
nos are components of SU(2) x U(1)y doublets; therefore,
they are non-sterile and take part in the weak interaction.

Two SM-like Higgs doublets are introduced to give masses
to the charged and mirror fermions, respectively. One Higgs
doublet, which is denoted as @, = (¢;r , qbg), couples to
the SM fermions to produce their masses, while the other,
denoted as @y = (¢; M qﬁg 1) 1s responsible for the mass
generation of the matter partner particles in the mirror sector.
The mechanisms of lepton mass generation, including both
charged leptons and neutrinos, will be presented in detail
later in the paper.

The heavy right-handed neutrinos in this model are intro-
duced naturally in the mirror sector; therefore, light active
neutrino masses are generally expected to be generated by
the type I seesaw mechanism. The right-hand neutrino mass
matrix is provided by a complex Higgs triplet with ¥ = 2

L+ ++
1 X X
vy — — «/E
= T.X = . 3
X=X ( x° ——\}Qﬁ) ©

If only one triplet, e.g. x, is introduced in the model, the tree-
level result p = 1, which is precisely measured by experi-
ment, will be spoiled, and then one might obtain p = 2
instead. However, it is also proven in [31] that if one has two
triplets with relevant hyper-charges, when combined to form
(3, 3) representation under the global SU(2); ® SU(2)r
symmetry, the custodial SU (2) symmetry is preserved and
p = 1. Thus, along with the triplet ¥, it is necessary to add
a real Higgs triplet with ¥ = 0, denoted as (§1,£%,&7).
Finally, we introduce the SM singlet Higgs ¢g, which is
responsible for creating the Dirac mass matrix and connec-
tion between the matter and mirror sectors.

In this model, two Higgs doublets @, and ®;ys are
used to couple to the SM and mirror fermions, respec-
tively. To prevent unexpected couplings, global symmetries
U (1) sy xU (1) F are imposed. The transformations of mat-
ter and Higgs fields are defined as follows:
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() UDsy = ¥ = {®3, ¢;M, ¢5M} transforms as & —
eiaSM ‘I/’
(i1) U(I)MF Y = {(I)QM, qg’l, E%I} transforms as ¥ —
elOlMF lI/,
(ii) ¢5 — e temr—asmlge ¥ e~2iamMr§ and the
unmentioned fields are singlet under this global sym-
metry.

Before presenting the Yukawa couplings, we should keep in
mind that the global symmetry defined above only allows
@, to couple to SM fermions, while @,37 will couple to the
mirror ones. Apparently, terms involving ¢ should contain
both SM and mirror fermion fields. Two unit lepton number
violation terms, which are needed to acquire Majorna mass
for the operation of the seesaw type I, can only be constructed
with the present of x. The Yukawa couplings are expressed
in detail as follows:

Eé = gzZL@zeR + g%é%@zM@% + ngEL(ﬁsﬁ% + h.c.,

4)
ﬁ?y = guqrLPoug + gaqr Prdg + gfyé%‘ﬁmuﬁl

+gl G¥ Doyd? + g45q1bsql +hec., (5)
Lo =guly T or g 1Y, (©6)

where o is the second Pauli matrix, @, = io» @3 and Poy =
iop @;M .

2.2 Symmetry breaking and mass generation

We will next discuss the mechanism of mass generation for
matter particles in this model, especially for leptons includ-
ing both charged leptons and neutrinos which are involved
in later discussions of the research, when the symmetry is
spontaneously breaking. For further discussion, we suppose
that Higgs fields develop their VEVs as follows: (®>) =
0. v2/VDT, (P2mr) = 0. v2m/VDT, (x°) = vy, and
(ps) = vs.

The charged lepton mass matrix obtained from Eq. (4) can
be expressed as

D
ny m
My = e, 7
¢ <(mf)T meM> ™
where mD = mP = gy v, me = gev2//2, and mey =

gMvop/+/2. The matrix shown in Eq. (7) can be diago-
nalized to give eigenvalues in the mass basis and mixing
matrix for the charged lepton. Without the loss physical real-
ity, and for easier calculation to obtain the algebraic expres-
sion of the mixing matrix, let us assume that mgy > my
and mgp, me > m f . The assumption allows us to approxi-
mately block diagonalized M, in the same way usually done
for the seesaw type I neutrino mass matrix. Then we have

- +
I Ry me O I Ry
My = -
‘ <—R§ 1) ( 0 WM) <—R2 1> ’ ®

mD
where Ry ~ m <« 1,and

2
- (mP)
my = my — ~ my, 9)
mepq — Ny
(n/lgDM)2
mepy = mey + Nomey- (10)
mepm — my

Suppose that normal and mirror charged lepton matri-
ces are written in the form m, = UngZUgR, Moy =

U%mleU%T, where m? and m¢,, are diagonal. We have

the relation between the gauge states and physical states as
follows:

Cery\ [ Uewy —Re U%(R) K/L(R)
) ~\RiU vl )
L(R) ¢YLL(R) CL(R) L(R)

Similarly, we have the quark mass matrix
D
my m
M, = .71 ), 12
o= () 1

noting that m? = gyv5, my = ggva/v/2. and myy =
gf;/’ v /~/2. Block diagonalization gives us

D\2
g =mg — %, (13)
qu — mq
- (mDM)2
Mgy = Mgy + qu——m (14)
q q

The quark sector will not be further discussed, because they
are not involved in the LFV decays being considered in this
research.

Denoting the heavy Majorana mass matrix as Mp =
gmvym, one easily obtains the full neutrino mass matrix,
which has the canonical form of the type I seesaw mech-
anism

0 mP
M, = L 15
v < (va)T MR ) ( )
With block diagonalization of the matrix, it can be rewritten
as follows, for Mg > va s

~ T
(1 R [ O I R,
o= () (0 ) () oo

mD
where R, ~ e and

2
N 0 S (21 S 07

D)2
%
m, ~ =
Mg gMUM

In contrast to Eq. (8), where the charged lepton mass matrix
M = M is Hermitian, thus being transformed by a unitary
matrix and its conjugated matrix, the complex symmetric
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M, = MvT is rotated by a unitary matrix and its orthog-
onal matrix (see Eq. (16)). The light neutrino mass matrix
m,, is experimentally constrained to be smaller than 1 eV;
if (g%x/gM) ~ 0(1) and vg ~ O(10° eV), the Majorana
mass of the right-handed neutrino Mg could be at the order
of the electroweak scale. The electroweak scale right-handed
neutrino mass is the most interesting scenario that could be
designed in the considered model; however, Mg is not forbid-
den to have value in other ranges, depending on both the mag-
nitude of vy, and interaction strength g,;. Consequently, vg
will vary in a corresponding range to give a right-handed light
active neutrino mass matrix. Moreover, gy, is constrained by
some rare processes (for instance, u — ey decay, as we will
see later), which might lead to constraint (g%s /gm) < 1.1In
this case, vs would need to be at the order of GeV or higher,
if neutrino mass generation is chosen to operate at the elec-
troweak scale. For this reason, in this study, vg is considered
in a large range from hundreds of keV to a few tens of GeV.

Suppose that light and heavy (mirror) neutrino mass matri-
ces are written respectively as m, = Uj‘mfoJ', myr =
U,f"l*mffM U‘fm, where m¢ and me are diagonal, we eas-
ily obtain

VL _ Uv _RuUlfw Xv
<<vR>C)‘(R:Uu uM )(m)' (1%

To guarantee p = 1, as mentioned above, the Higgs potential
should have a global symmetry SU (2); ® SU(2)g, and it is
broken down to the custodial SU (2) when the Higgs fields
gain their VEVs. Before the symmetry is broken, two triplets
combine to form the (3, 3) representation and the doublets
also maintain the (2, 2) structures under the global symmetry.
The detailed expressions are as follows:

XO g_——i— X++

x=\| x & x* |, (19)
x & x™

¢2=(¢8’* ¢>§> ¢2M=<¢§’;J ¢>§M>_ 20)
o ) )’ Dot Pou

From the above equations, one have the proper vacuum align-
ment for breaking gauge symmetry from SU(2); x U(1)y
to U(D)em

M 0 0
x)=| 0 vm 0 |, @1
0 O m
2 Ly
<¢z>=({fv_2), <¢2M>=<{f _M) (22)
V2 V2

Thus, the VEVs of real components of @,, @, and y are
(v2/+/2), (Vo /~/2) and vy, respectively, and they satisfy
the condition

V3 4 v3,, + 8vi, =07, (23)

@ Springer

where v &~ 246 GeV. For further discussion, the following
definitions are used:

_2«/§vM
’ .

$2=—5 Som=——; Sm (24)
v v

After gauge symmetry is spontaneously broken, the left-right
global symmetry of the Higgs potential is also broken down
to the custodial SU (2) p. Seventeen degrees of freedom of the
two Higgs triplets (one real and one complex) and two Higgs
doublets are rearranged into physical Higgs bosons, and three
of the Nambu—Goldstone bosons are absorbed to give masses
for W’s and Z. Among the physical bosons, those which have
degenerate masses are grouped in the same physical scalar
multiplets of the global custodial symmetry as follows:

five-plet (quintet) — HSii, Hsi, Hg) ;
triplet — Hi, Hé);
triplet — H;CM, HgM;
three singlets — H{, H{,,, H}'. (25)

The above discussion about physical scalars does not depend
on the specific case of Higgs potential, but works for any
of those that possess SU(2)r ® SU(2)g global symmetry,
including the cases considered in detail in [9]. The physical
Higgs bosons which are generated after the process of gauge
symmetry breaking should have masses at the electroweak
scale, thus in the range of 100 to a few hundred GeV. The
scalars arranged in the same multiplets (not singlet) have
the same masses, while three singlets H{) , HIOM, HP/ are
not physical states in general. These states are linear combi-
nations of mass eigenstates, which are denoted respectively
as I:Ilo, 1:120, I:If. Relations between physical and gauge
states are expressed as H? = Z? o H;, HloM = Z? aiMIin,
where Z? loj|?> = 1 and Z? |otl.M|2 = 1. Note that the SM
Higgs scalar discovered by the Large Hadron Collider (LHC)
with mass 125 GeV is one of the three abovementioned mass
states.

The final physical scalar to be mentioned in this study
is the light singlet ¢?, which originates from the degree of
freedom of the gauge singlet Higgs ¢5. As a singlet, ¢5 does
not break the gauge symmetry, and its VEV vy is expected
to be much lower than the electroweak scale in order to give
tiny masses for the light active neutrinos. It is reasonable to
take the mass of ¢? on the same order as vs.

2.3 The LFV vertexes

It is known that the LFV vertex does not exist in the SM
at tree level, because the charged lepton mass matrix and
the matrix of Yukawa couplings are diagonal at the same
time, and vector gauge bosons interact only with the left-
handed components of the matter fields. In this considered
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scenario, vector fields interact not only with the left-handed
SM fermions but also with the right-handed components of
the mirror sector. Moreover, LFV interactions occur at tree
level for both the charged currents and Yukawa couplings.
The Lagrangian involving charged currents in this model can
be written as

£¢ = r$5 + L5, (26)
8 n _
LSy =~ <ﬁ> Z Py (1= ys)le™ W,
+et Wy, @7
£ = (555) X v ot wp
=G Xl: Myt A+ )l W

+t Wy, (28)

where 3™ and ¥™ stand for the SM and mirror fermionic
fields in the gauge basis, respectively.

The relevant Yukawa couplings between the leptons and
mirror leptons with scalars which contribute to the phe-
nomenology of the © — ey decay in the gauge basis
are listed in Table 1. To maintain good consistency with
the current experimental observation and for the sake of
simplicity, we suppose that the charged lepton and mirror
charged lepton mixing matrices are real (thus all involved
complex phases are ignored) and Uy, = Ujg = Uy,
UM = UM, = UM. Using the relations described in
Egs. (11), (18), one easily obtains the main vertexes that con-
tribute to our process of interest in the mass eigenstate basis.
After ignoring terms which are proportional to the second
order of R, g, the detailed expressions are listed in Table 2
and for (@M ), (eLeR "HY), (@, M HY), (@ HY),
(_R L 3M)’ (er R

3 M) are respectively from 29) to

(34):
r M
.8 ML . 8
r aM
.8 VMR . 8 o
_IEY[,}[O :—leW gmeRll*'_R@m/éM , (30
SomrL . 8 [ sm ~ Sm
_IEYHQ = _IZMW -ameRg—l- RngMi| 31
.8 MR g [ sm md R
—i%y = _ ——myR ——R 32
Y My | e T e em“”] 52)
.8 [ _som md P
__YML=_ R——Rm ,(33
12 Hyy lZMW L 2 ¢ S2M ‘ ZM] 59
—iSymr — _; 8 -—m‘ZRg+—RgmgM (34)
2 HYy 2Mw | 52 oM

Here, the notations Upmns = U, "U,, which is the famous

neutrino mixing PMNS matrix, and UPMNS = MTU]fW and

Table 1 Vertexes that contribute to the £ — ¢’y decay rates, written
in the gauge basis

Vertexes Couplings Vertexes Couplings
EeH{) 'z/r;fvgsZ MeMHloM .2;1”;;;;‘4
eeHs ~i Siten V5 MeM i 2M;c,\7 &
eeHs)y it s MM H3y, Q'ZZW’ZZ %

Table2 Vertexes that contribute to the £ — £’y decay rates in the mass
eigenstate basis

Vertexes Couplings

@yt xwy, —i%UL = —i 55 Upmns

@y ahHw; IS URE =i Ry (Upins)”

@Cry" X)W, —i U = ~i SR (Unns)*
ewxLHy —ngHf = —iz,ﬁlﬁ 4 Upmns
epx Hy i5 YML = it Ry (Uptns)
ey xp'“Hy - EYM—R =—i zM{w-M Remy Udlins
XL Hsy —i%YI%M —i g m Upnns
Zpx Hyy igY;AZ—ALd = gy IRy (Ubns)”
e XL lHBM _’%YI[Z—S = _iWQ%RZmZMU%ANS
eger 29! gY%L = igZSUtTRU}LI

&) M’ 0 —i§Y )08 = —i gn U/ Uk

Ry =U g Ry UM have been used. For simplicity, we have
also neglected the complex phases in U, and U, l;M .

3 Phenomenology of u — e + y decay
3.1 Form factors and @ — e + y branching ratio

Before introducing the . — e + y branching ratio, the loop
integral factors must be calculated. In this work, we take into
account the effective charged lepton flavor-changing opera-
tors arising at one-loop level with the participation of physical
Higgs scalars (which include the single and neutral charges,
heavy and light ones) and W gauge bosons. The final result
can be written as

eGF
V2
+H.c. (35)

Lt = —4 my (AREO';,WPRM + ALEO';,WPL/'L) Fr

@ Springer
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Here Ay, g are the form factors:

My
321712 2 [(UvLVu)Mk (vf,). Gy
- (le‘e/")uk (U‘I;V“):k ,TTZRV(A")] ’ (36)

2
h== 20 b [ (8),, (), o
(k) (v8), R0
+# Xk: [(Uviéu)uk <U”I§M)Zk Gr o)
~(0),, ) pemon]. e

where HC = ¢, H? (i = 1,2,3), HY, HY,,, Hy, H,,,
and my are the masses of associated fermions that along with
either H< or W,, form loops. The functions Gg(x), Rg(x),
G, (x), and R, (x) appearing in Egs. (36) and (37) are as
follows

(BQ —Dx?+5x —30+2

G = - 2 — 1)

%X(szc_—_%)f” log(x). (38)
RO(x) = 20 — hx? —;x(g 1—)31)x +20-3
G x) = 202;‘];? - o f31)4 logx),  (40)
Ry () = —x:(jf o g, (41)
where we have defined A¢ = m} /M‘%VM HO)

Note that the monotonic functions G, (x) and R, (x),
which are defined for the x variable varying in the inter-
val [0, +00), have been introduced in previous studies, for
instance [17,28]. At specific points such as x = 0, 1 and x
tend to infinity, and G, (x) obtains limited values as —1/2,
—3/8 and 0, respectively. Similarly, we also have R, (x —
0) =4 R, (x > 1) =3/2and R,(x — o0) = —1/2.
Compared with the form factors for the Higgs scalar one-
loop that have been used in previous publications [19,28],

@ Springer

Gg (x) has better expression,1 and Rg (x), to the best of the
author’s knowledge, has not been given so far.

The branching ratio of the u — e + y decay is easily
obtained as

Br(u — e +7) = 384r(raen) (1Arl +14L7), 42)

where «,,, = 1/137 is the fine-structure constant.

3.2 Numerical analysis of the © — e + y decay

In this section we numerically analyze the u — e+y branch-
ing ratio using the current experimental data and expected
sensitivity of the future experiments. Clearly, taking into
account all possible contributions to the process at the same
time would not be a good strategy to provide a detailed
understanding of the role of each kind of diagram. Thus,
we separately consider the contributions of the one-loop dia-
grams with virtual W gauge boson and the neutral and singly
charged Higgs scalars to the ratio. For simplicity, in further
numerical discussion, we suppose that three heavy neutrinos
possess equal masses, denoted as mXM . Similarly, three mirror
charged lepton masses are m?’l .

The LFV vertexes involving neutrinos and the W boson
taken up to Ry gy first order are the first three listed in Table 2.
In fact, the contribution of light neutrinos to the u — e + y
decay is extremely small, which can be easily seen from
Eq. (36). For light neutrino masses at sub-eV order or less,
and My = 80 GeV, A, = m%/M%V ~ (, which leads to (see
Eq. (36))

3
S (k) (04, 00
~ (UVL%T UVLVJW G, (0) ~ 0, 43)

due to the unitarity of the Pontecorvo—-Maki—Nakagawa—
Sakata (PMNS) matrix. Moreover, the contribution from the
interference term in Ay is strongly suppressed by the factor
my/my ~ 107! eV/10> MeV ~ 107°.

The constraint on the strength of the interaction between
the heavy neutrinos and the W gauge boson by the lepton
flavor violation decay & — ey is given in Fig. 1. The blue
and red lines correspond to the constraints obtained using
the current upper bound or the designed sensitivity of the
future experiment, respectively. The results are apparently
less meaningful compared with the limits, which can be
directly derived from what we already know about light neu-

! Gg(x) introduced in the current research is valid for any x in the
interval [0, +00), while the previous calculations are applied only for
infinitesimal A;. When x tends to zero, functions Gg (x)tendto 1/6 —
Q/4, which is consistent with the results obtained in [19,28].
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107 10772
BRGrer<4.2 10 BR(u—>e+y)<4.2 10712
- _ -14
BR(u->e+7)<6.0 10 o 107} PRUrern=en D
o=
107° 4 §>‘_I
&
® S'z 10"}
o= >
2z +
= =
2 107 1 E—; 107"®
— =
= =z >
=) =
= §>_:|:
= 107
10-10 L 4
107"
o 100 200 300 400 500 600 700
i m - (GeV)
10 ‘ ‘ ‘ ‘ ‘ ‘
0 100 200 300 400 500 600 700
m_u (GeV) 107"
L BR(u—>e+y)<4.2 10~ 12
ML} BR(u—>e+y)<6.0 10~ 1*
: ; ML © S
Fig. 1 Constraint on (U w Uy >m by 4 — ey decay from current IR ~._
= Tt e~ e e e e e o e e e —_—— - — ——— =
(blue line) and future expected (red line) sensitivities as a function of &
heavy neutrino mass m)’t” =
¥ 107"®
®
~
107 £
>
BR(u->e+y)<4.2 10713 == 107
10° | BR(u->e+y)<6.0 10714 =
6 107"

2
e

10,7,

0 100 200 300 400 500 600 700
m,- (GeV)

Fig. 2 Constraint on Yukawa couplings as a function of physical singly
charged Higgs scalar mass by it — ey decay if only left or right sector
is taken into account, for new neutrino masses of 150 GeV (solid lines)
and 1072 GeV (dashed lines)

trino masses. One has

i) ~ 10719 Gev = R, = ™. ~ 105 | 1GeV. (44)
vV Vv — MR MR )

thus, |R,|? ~ 10~'2 for Mg ~ 100 GeV, which is at least
seven (six) orders smaller than the constraints obtained from

Fig. 1 UM UM~ IR <1075 G x 1079) corre-
e

sponding to the currer;ft (near future) experimental sensitivi-
ties.

Unlike the earlier considered case, contributions of dia-
grams with participation of virtual Higgs scalars (both neu-
tral and singly charged) contain fully two terms given in (36),
(37). The interference term is no longer suppressed but dom-
inates over the first term due to the large masses of accompa-
nying particles with the physical scalar, which are heavy neu-
trinos or new charged leptons depending on the kind of charge

50 100 150 200 250 300 350 400 450 500
m_m (GeV)
XL

Fig. 3 Upper bounds on Yukawa couplings by © — ey decay as
functions of (i) singly charged Higgs mass (upper panel) for mym =
80 (200) GeV, solid (dashed) lines; (ii) heavy neutrino masses (lower
panel) for m - = 70 (300) GeV, solid (dashed) lines

carried by the scalar. If heavy neutrino and new charged lep-
ton masses, (m X! and mg” ), are about hundreds GeV, then

the ratio my /m, ~ 100 GeV/100 MeV ~ 103, which indi-
cates the dominated factor of the second term over the first
term.

We show in Fig. 2 the constraint on the Yukawa coupling
only if the first terms in (36) and (37) are taken into account
for singly charged scalar cases. The stringency obtained in
this case on the magnitude of the couplings is almost the
same as the previous consideration of the W gauge boson and
heavy neutrino couplings, and thus does not provide any new
meaning. Our study shows that similar results are obtained
for the case of neutral Higgs scalars.

The contributions of the first terms in the expressions
of the form factors Ay and Ag are less important. This is
because they are strongly suppressed by the second terms, as
explained previously. Figure 3 describes the upper constraints
on the relevant Yukawa couplings as a function of the Higgs
scalar mass (upper panel) and heavy neutrino mass (lower
panel), which are varied from about 100 GeV to several hun-
dreds of GeV. The constraints are about six orders more strin-
gent than the values of those obtained from the previous fig-
ure. This, once again, proves the dominant contribution of the
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interference term and is also consistent with the illustration
given above. The left plot shows lines which have the shape
of monotonically increasing functions; therefore, the most
stringent constraints on |(Y£I’I,L)TYI§’I,R |;2w + I(YII;’I,R)TY}_‘I/I,L Ilzw
are at the initial points of the lines, with m - ~ 100 GeV.
The results read as follows:

O YR+ 1Y
<3.0x1071%6.0 x 1071%) for m
= 80 (200) GeV, (45)

using the present experimental upper bound; and
(Y Y R+ 1Ty R,
<4.0x1077@8.0x 10717 for my
= 80 (200) GeV, (46)

using the expected upper bound in the future.

Note that Fig. 3 is common for both H;™ and Hj,,; how-
ever, the specific forms of Yukawa couplings involving them
(see Table 2) will determine how sensitive they are with the
n — ey decay experiments. The couplings involved depend
on a larger number of new parameters, where most of them
are unknown, and thus it is difficult, if not impossible, to carry
out a detailed analysis. In this study, we try to roughly esti-
mate the sensitivities of the © — ey decay with the present
and future experiments, using the known data and supposing
that the model is functioning at the electroweak scale.

Let us make a numerical estimation. As was explained in

the earlier part, R, ~ 10_51 / IE—eRV ~ 107°. In the same way,

we also have Ry ~ 1075 x /16;7—21\4“ ~ 1075, It is reason-
M

able to estimate Ry(,) = UgRg(U) UM ~ 107°, at the same
order as Ry and R,, since the basis transformation matrices
Uy and U, KM are normalized. Furthermore, we take the heavy
neutrino and mirror charged lepton masses at about 100 GeV.
The Yukawa coupling-dependent factor of the branching ratio
in Eq. (42) reads:

2
R yL
+Y Y.
21 H3M H}M

2 2
2 dp ,.,d p P ,d P o.d
( Sy ) ’mzRleMRE‘ZI + ‘RgmeMRvme ol

YLT YR

H;M H;M

21

szc%,, Mév
2
~ 1072 (_st )
527y
2 2
3m, mM
) [ EEE ) ~22x 1072 (2 (47)
My, $2Cy

Here we have ignored the second term (proportional to m,),
which is strongly suppressed by the first term (proportional
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Fig. 4 Upper bounds on Yukawa couplings involving H°

(H‘O, HSOM, I:Iio, (i =1,2,3)), by the © — ey decay as a function of
(i) neutral Higgs scalar mass (upper panel) for mé"’ = 80 (200) GeV,
solid (dashed) lines; (ii) mirror charged lepton masses (lower panel)
for m o = 70 (300) GeV, solid (dashed) lines

to m ). This result means that the 1 — ey branching ratio
may be within the sensitive limit of future experiments only if

s2 and ¢y are both equal to or smaller than 0.01. For the H;

2 L\2
case, the factor ( SH ) in Eq. (47) is replaced by (;TM> ,
M M

s2C

2
and thus the quantity ‘Y Il;i Y g, would reach the order of

3 3 21
10~ if ey < 0.001. These cases, however, are not realistic,

for instance, if s < 0.01, which leads to a magnitude of
vy ~ few GeV, that requires very large Yukawa couplings
to give the right masses for heavy quarks, especially for the
top. This is apparently disfavored by the LHC. Thus, the
result is equivalent to the conclusion that the contributions
of these channels to the decay rate are beyond the detectable
possibilities of the current and near-future experiments.
Due to the enormous disparity between their masses, we
analyze the physical phenomenology for the light and heavy
neutral Higgs scalars separately. Note that the first terms
of the Yukawa couplings, listed from Eq. (29) to Eq. (34),
are proportional to normal charged lepton masses, and thus
are ignorable in comparison with the others, which are pro-
portional to heavier masses of the mirror leptons. We show
in Fig. 4 the constraints on the relevant Yukawa couplings
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as a function of the Higgs scalar mass (upper panel) and
heavy charged lepton mass (lower panel), respectively. One
can easily realize that the heavier the Higgs boson and mir-
ror charged lepton masses, the less stringent the constraints
givenby i — ey decay. Moreover, compared with the singly
charged Higgs scalar cases, the constraints obtained in this
case are slightly more stringent. One easily obtains from the
left panel of Fig. 4 that

< 7.0 x 10717(3.0 x 10719), (48)

pe ~

21(Y MY MR

for mM / = 80(200) GeV with the present experimental upper
bound, and

21 Y YR%, S 1.0x 10717 @45 x 10717), (49)

for mM /
bound.

If we carry on a similar estimation as in the previous part,
the results are:

= 80 (200) GeV with the future expected upper

‘YLTYR

~ ~ |2
‘Re(mZM)sz
4 w121

=2a = ~44x107%aY, (50
MW
where o stands for , ?‘A: or - corresponding to I:Il.o, (i =

1,2,3), Hé) or HgM, respectlvely. Compared with Eq. (47),
this result is about six orders higher (more sensitive) because
the light charged lepton diagonal matrix mjf in the earlier

formula has been replaced by the heavy matrix me m In
the case of HY, for ¢y = 0.01, the factor 2 ‘YLTYR ‘ L

4.4 x 10~13, which is about two orders higher than the upper
constraint of that if the decay signal would not be probed by
the future experiment. In fact, our calculation shows that the
factor might be larger than 10~!7 with ¢3; < 0.03. We have
the same conclusions if s ~ 0.01, «; is not small (for I:Iio)
and spy; ~ 0.01, s, is not small (for HgM). Note that the
contributions to the decay rate by the I:Ii0 and H30M channels
are not likely to be sensitive at the same time, as they are
dependent on s, in opposite ways.

The constraints on the Yukawa couplings involving the
light Higgs scalar are shown in Fig. 5, in which the scalar
mass is varied over a large range from KeV to more than
10 GeV (upper panel). The figure shows that the constrained
stringency on the Yukawa couplings does not change with the
increase in m 0 until about 10 GeV, then slowly decreases.
The precise values of the upper limits obtained from the red
and blue lines, respectively, are

200 Y jhlhe £ 4.7 % 1077(3.0 x 10719), (51)
for m}! = 80 (200) GeV, and
2070 Y he < 6.5 x 107542 x 10717), (52)

16
o 10
a2
rx;e"' 7777777777777777777777777 -
t
4;9"‘
~N 107"
BR(u->e+y)<4.2 1013
BR(u->e+y)<6.0 10714
-18
10 A A . .
10 107° 107 107" 10° 10’ 10°
m,o (GeV)
N
1o
BR(u->e+y)<4.2 10713
BR(u—>e+7)<6.0 10”14
10—15
®
o=
n:;’_a"'
£ 107
e
S
107"
107"

50 100 150 200 250 300 350 400 450 500
mM (GeV)

Fig. 5 The dependence of 2|(Y O)T ¢0 2 1e upper limits by the current

(future expected) sensitivities, correspondrng to blue (red) lines, on (i)
light neutral Higgs scalar mass (upper panel) for m Q’I = 80 (200) GeV,
solid (dashed) lines; (ii) mirror charged lepton masses (lower panel) for
mgo = 1073 (50) GeV, solid (dashed) lines

for m} = 80 (200) GeV.
It can be recast from Eqs. (51) and (52), respectively, into the
upper bound on |gg;| as

lges] <23 x 1075(3.6 x 107°)  for m¥ =80 (200) GeV,
(53)
lges| < 1.4 x 1073(2.3 x 1075 for m} =80 (200) GeV.
(54)

Thus, the |g¢s| upper limit is estimated with current experi-
mental data to be at the order 107>, and it might be improved
slightly if the next generation of the © — ey experiment
would not probe any signal. However, the constraint is still
in the same scale.

As one can see in the lower panel of Fig. 5, the constraints
on the Yukawa couplings become increasingly less stringent
as the mirror charged lepton mass increases. However, the
shape does not strongly affect the |g¢s| upper bound. Let us
make a simple evaluation. For mﬁ” = 500 GeV, which cor-
responds to the highest or the end point of each line, one has
2|1(Y 0) |2 < 1.8 x 10715(2.6 x 1071°), with ignorable

0lpe ~
dependence on the light Higgs scalar mass. The result leads
to |ges| < 5.7 x 107°(3.5 x 107°), which is fairly close
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to what was obtained in (53) and (54). This means that the
energy scale of vg (thus, also the light Higgs mass m ¢9) ison
the order of GeV or more, if one wants to keep the neutrino
mass generation scale at EW and ensure light active neu-
trino mass (m, ~ (va)z/MR = (gesvs)?/Mp) of sub-eV
as results have been observed experimentally.

4 Conclusion

In this work, we have performed a numerical analysis for
the u — ey decay in a scenario of the EW-scale non-sterile
right-handed neutrino model, which is accommodated by the
125 GeV SM-like scalar discovery. The decay is suggested
to occur at one-loop diagrams, formed by neutrinos (heavy
and light) along with W boson or singly charged scalars and
light or heavy neutral scalars with charged leptons. We have
shown that the contribution provided by the neutrino and W
boson loop channels gives a trivial upper constraint, which
is about six orders less stringent than the limit of that derived
directly from the currently known neutrino mass data. For
the case that particles running inside loops are light scalar
and mirror charged leptons, upper bound roughly derived for
the magnitude of Yukawa couplings |g¢s| by comparing the-
oretical prediction and experimental results is some number
of order 1073, This brings the singlet vacuum expectation
value up to a magnitude of a few GeV or few tens of GeV,
if the RH neutrino mass is managed within the electroweak
scale. We have also demonstrated that the branching ratio
of the © — ey decay might be large enough to reach the
expected sensitivity, Br(u — ey) < 6.0 x 10~ 4, of the
upgraded MEG experiment, if one of the two particles run-
ning in the loop is the heavy scalar with neutral or single
charge. For instance, as one of the most promising possibil-
ities, the magnitude of the branching ratios may be within
the detectable range with cy; < 0.03 for the case of neutral
scalar H3O participating in the process.
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