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We study the lepton flavor violating decays such as 4 — ey, ¢ — ey, ¢ — py in the three-loop radiative
seesaw model proposed by Krauss, Nasri, and Trodden. In this model, the relevant coupling constants are
larger for the heavier scalars that run inside loop diagrams to generate the appropriate magnitude of
neutrino masses. Imposing a criterion that all the coupling constants must be small enough to be treated
perturbatively, we find an upper bound on the mass of one of the scalars. By combining it with neutrino
mass parameters, we derive lower bounds on the branching ratios of the lepton flavor violating processes.
In a case with the inverted mass ordering and best-fit neutrino oscillation parameters, one of the lower
bounds is Br(u — ey) > 1.1 x 10713, which is within the reach of the MEG II experiment.
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I. INTRODUCTION

The origin of the neutrino masses has been a big mystery
in the Standard Model (SM) of particle physics and indicates
new physics. Several mechanisms are proposed to explain
the tininess of the neutrino masses in the literature. For
example, the seesaw model is a popular one in that the
enormous Majorana neutrino mass scale suppresses the mass
scale of the light neutrinos [1-4]. The Majorana mass is
naturally required to be larger than 10° GeV.

Utilizing the higher-loop suppression is an alternative
approach; the neutrino mass matrix is radiatively generated
in models along this line. A. Zee proposed the first concrete
model in 1980 [5], and many models have been proposed
since then [6—11]. A comprehensive review is provided, for
example, in Ref. [12]. Since the new particles are relatively
light and have large couplings with the SM particles, those
models are testable by experiments.

There is a class of models, the so-called radiative seesaw
models, where right-handed neutrinos are introduced
[9—11]. To avoid their tree-level contribution to the neutrino
masses, additional Z, symmetry will be necessary, and
the right-handed neutrinos have an odd charge. The Z,
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symmetry simultaneously guarantees the stability of the
lightest right-handed neutrino, and it can be dark matter.

The Krauss-Nasri-Trodden (KNT) model is an example
of the radiative seesaw model, where the neutrino masses
are generated via the three-loop diagrams [9]. This model
includes right-handed neutrinos; new scalar particles S
and S,. Because of the three-loop suppression, the coupling
constants in this model tend to be as large as O(1) if the
new particles are as heavy as TeV. The perturbative treat-
ment breaks down when the coupling constants are much
larger than O(1). In order to avoid this, the coupling
constants are preferred to be smaller than one. It indicates
that the new particle mass scale will have an upper bound.
On the other hand, the new particles cause lepton flavor
violating (LFV) processes such as y — ey, 7 — ey, and
7 — py [13-15], and it is more significant for the lighter
new particles.

In this paper, we study the details of these constraints
in the KNT model. We first show the feature of the loop
function, and show that it provides the upper bound on the
mass of S;. Then we study the lower limit of the predicted
LFV processes. In the KNT model, the Yukawa matrix with
S: has an asymmetric flavor structure, and we can use a
valuable technique provided in Ref. [16] to determine the
parameters in the Yukawa matrices. We derive the lower
bounds on the branching ratios of LFV decays. For the case
with the three right-handed neutrinos and the inverted mass
ordering, the lower bounds are Br(u — ey) > 1.1 x 10713,
Br(z — ey) > 1.5 x 107", and Br(z — uy) > 3.7 x 10713
when neutrino oscillation parameters are best-fit values.
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Interestingly, the lower bound of Br(y — ey) is within the
reach of the MEG II experiment [17].

This paper is organized as follows. In Sec. II we briefly
introduce the model, and we describe the neutrino mass
matrix. In Sec. III we discuss the upper bound on the mass
of §;. In Sec. IV we derive the lower bound of the LFV
branching ratios induced by the S; exchange. In Sec. V we
consider a benchmark scenario and discuss the S, con-
tribution to Br(z — uy). We give a conclusion in Sec. VL

II. THE KNT MODEL

We consider the KNT model [9]. Two charged scalars
S1, S», and ny right-handed neutrinos N; (I = 1, ...ny) are
introduced. It is known that ny > 2 is necessary to
reproduce the neutrino mass matrix consistent with the
neutrino oscillation experiments [18]. The discrete Z,
symmetry

Zy: {82, Ni} = {=S2, =N}, (1)

is imposed to forbid the Dirac masses of neutrinos. This
symmetry also guarantees the stability of the lightest Z,
odd particle, which is a dark matter candidate. Therefore,
the lightest Z, odd particle should be electrically neutral,
and its relic abundance in the early Universe should be less
than the observed dark matter relic abundance, QA2 ~0.1.
The standard model Lagrangian is extended by the terms
|
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In this model, the neutrino mass matrix arises from the
three-loop diagram shown in Fig. 1, and each element is
given by [13]

As
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where f(x,y) is the loop function, and Ag is a coupling
constant of the scalar quartic coupling included in the
potential V as

V> %S (S7)%(85)* + H.c. (6)
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FIG. 1. The diagram relevant to the neutrino mass matrix in the
KNT model.

Lxnt = %L?n’zLJ-ST + 5]1]']\7;'?1?1‘92+
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NSN; +Hc. - V. (2)

We choose the flavor basis such that both the charged
lepton mass matrix and the right-handed neutrino mass
matrix are diagonal with real and positive elements. The
lepton doublet is L = (v, ¢} ), and the convention of the
neutrino mixing matrix is

§12C13 S]3e_i5 ei" 0 0
C13523 0 1 0 . (3)

1

C13C3 0 0 e

Here, we discuss the behavior of the loop function f(x, y)
and show that there is an upper bound on f(x, y). The loop
function is calculated as'

fx,y) = vx Amdr

8y3/2

J(r,y)?
r(r+x)’

14+r

| ®

J(r,y) = ¢In B] +§ln[q] F(1+7) ln{

q= (1+r+y+\/(1+r+y)2—4y)- ©)

N =

"There is an additional term In[r(n, —1)(1 —7_)] in the
definition of [I(r,y) =-J(r,y)/r in Ref. [14], where
ny=(g—=y)/r, n-=(1/g—1)y/r. We confirmed that this
term is identically zero.
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FIG. 2. Contour plot of f(x,y). It has maximal value 1.044
when x/y = 10147, y > 1.

Note that our definition of the loop function is different from

the one in Ref. [13]. The function f is related to the function

F in Ref. [13] as f = Z—E‘F . This redefinition is convenient
2

to discuss the mass bound on the new particles. As shown in
Figs. 2 and 3, the value of f is saturated. On the other hand,
F is not bounded from above.

This property of f can be analytically understood as
follows. First, we consider the x dependence of f(x, y) fora
fixed value of y. The asymptotic behavior of f is given by

flxy) o vx(x < 1), (10)
flxy) 1(>>1 > y) (11)
o —
X,y NG X ,X>Y),
1.0f
R 0%
& 06
S 04
S~ [
0.2t
0'0 :| 1 1 1 1
-4 -2 0 2 4
Logy ¥
FIG. 3. Loop function f(x,y) with x/y = 10'#7. The horizon-

tal line shows the upper bound 1.05. The loop function becomes
constant for large y [see Eq. (13)].

so lim,_q f(x,y) = 0 and lim,_,, f(x,y) = 0. Thus f has
a maximum when y is fixed. Second, we consider the
y dependence for a fixed x. For y <« 1,

flx.y) o« /3(Iny)* = 0(y = 0). (12)
is satisfied, while one can find F(x,y)  (Iny)?> which
diverges in the limit of y — 0. For y > 1, we find

[(t+ 1)In(z —tlng?
1t + x/y)

where we put r = r/y. We can see that f depends only on
x/y when y > 1. Focusing on the case of x <« y, we find

ey \f; L0 (3= o). (14)

Thus, f has a maximum when x is fixed.

From the above discussion we expect that f(x,y) is
maximized for x ~y > 1. As shown in Eq. (13), f(x,y)
depends only on x/y for y > 1. Using numerical evaluation
we find that f(x, y) is saturated to 1.044 as shown in Fig. 3
in the direction of x/y ~ 10'47. As a conclusion, we obtain
the upper bound of f(x,y) as

f(x,y) < 1.05. (15)

III. UPPER BOUND ON S; MASS

Let us adopt a criterion that all the dimensionless
coupling constants in the Lagrangian Eq. (2) are less than
unity. If a coupling constant is larger than O(1), it blows up
quickly by renormalization group running and then the
perturbative treatment is broken down. To avoid that we
take into account the ansatz, and we show that it leads to the
upper bound on the mass scale of new particles.

In Eq. (4) we can naturally expect that the terms
proportional to m, get strong suppression, and we can
ignore such terms. In this approximation, three components
of the neutrino mass matrix are given by

Agm2Zhs,
My, = Sm T Zng x5, y)s (16)
mSl 1=
_ Agmym hiy X
M, = , 17
ut 4( 4”) ms, Izz:glzglaf X1, Y)s (17)
Sm h23 i
M, = , 18
T mS] IE:ng XYy ( )

The observed neutrino oscillation data need that these

components are the same order, in spite of M, m2,

M, x mﬁ It requires that some of the Yukawa couplings
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g, are much larger than the other elements g;3, so we
impose the perturbativity condition to g;,.

By using the triangle inequality, the ansatz |g;,| < 1, and
the upper bound of f(x;,y) [Eq. (15)], we find

< Z|912|2f(x1’y) < Zf(xlv)’)
1 1

< 1.05neff, (19)

where n.g denotes the number of right-handed neutrinos
that contribute to the summation. If N, is dark matter, we
need my, <mg, (i.e., x; < 1), then f(x;,y) <1.05(y> 1)
as shown in Fig. 2. Thus, g3,f(x;,) is negligible in M.,
and

Negp Sy — 1 (20)

is satisfied. By using the inequality (19) and A5 < 1, we
obtain a upper bound on mg, as

m,%|h23|2

<—r = 105
TS 4lanyim

0.02 eV

= 7.39 x 10* GeV< >|h23|2neﬁ-. (21)

| TT‘

Similar upper bounds can be obtained by using the other
components M, and M,

0.02 eV an
me < 7.39 x 10* GeV (7) hosl? ( .max>’
N |M/u'| ‘ 23| eff ﬂ/mr

(22)

0.02 eV 2
mg < 7.39 x 104 GeV vusev |has |0 2 n' 913, max ’
] |M;4;4| m,,/mr

(23)

where nl; and nlj, are the number of the right-handed
neutrinos that contribute the corresponding neutrino mass
components. These bounds depend on the maximal value
of |g;3| (denoted by g3 max), S0 we focus on the bound (21).
Since g3 max i expected to be the order of m,/m, as
indicated in Egs. (16)—(18) [and also the example (72)],
these bounds are the same order as the inequality (21).
The bounds (22) and (23) can be significant when M, is
suppressed.

The size of M,, is determined by the light neutrino
masses and the mixing matrix elements as

M”:mlUgl —|—m2U§2+m3U§3. (24)

In the KNT model, the Yukawa matrix £;; is antisymmetric,
so the determinant of the neutrino mass matrix vanishes.

It means that m; = 0 for the normal ordering (NO) case
and ms = 0 for the inverted ordering (IO) case. Since the
Majorana phases have not been restricted by the experi-
ments, the range of |M .| is determined by the triangle
inequality,

[my|Usp|* = ms| Uss | < M| <my|Usy|* +ms|Uss |* (NO),
(25)

Imy|Us1 |2 = my|Usp || < M| <my|Usy [*+m, |Usy | (10).
(26)

By using the best-fit values (with Super-Kamiokande
atmospheric data) in Ref. [19], one finds

0.0180 eV < |M,,| <0.0238 eV (NO),  (27)

0.0126 eV < |M,,| <0.0291 eV (I0),  (28)

so we use M| = 0.02 eV as a benchmark.

In the 1O case, by choosing 6 ~ 7, 7 ~ 5 and tuning the
other mixing parameters, M,, can be much smaller than
0.0126 eV. The following discussion includes such a case.
Note that even if M, = 0, mg, satisfies the bounds (22)
and (23) coming from the other components.

IV. LEPTON FLAVOR VIOLATING DECAYS

A. Lower bounds on branching ratios
In this section, we discuss the LFV constraint on the
model. We focus on the LFV branching ratios of #; — .
The decay width is given by

aem

m (A7 +1ARP).  (29)

where A} and A} are

1
R= WzghgljFZ(xl) (30)
Zh,kh Fl0) = gz il (O
£ 1927

where [ # i, j. In the above expression, the loop function
F5(x) is defined as [20]*

232 +5x—1
20 -1y

_ x’log(x)
2(x —1)*

Fa(x) = (32)

*This function F,(x) differs from the F|(x) in Ref. [14] by
factor 2, i.e., Fy(x) =1 F(x).
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By using the decay rate

['(¢; - ¢0) N%
' 923
we obtain the branching ratio
[ —¢y)

Br(#. - ¢y) = —"+ 7
r( i~ ]y) F(lxﬂl b d fﬂ/l])
B 4873a,,,

G

Br(¢; — ;D)

(|A71” + |AR?)Br(¢; — £ D).
(34)

First, let us consider the S, contribution Ag. In general,
there is only a trivial bound |A| > 0, and we use it in this
section. For example, if we set g;; = 0, A3 = A3 =0 is
realized. With this choice of the couplings, however,
another column g;, or g;3 cannot be zero simultaneously
to reproduce the rank two neutrino mass matrix, so 7 — uy
can be significant. We will discuss this point in Sec. V.

Next, we consider the S; exchanging contribution A; .
As shown in Ref. [16], any off-diagonal component #;;
cannot be zero to produce neutrino oscillation parameters.
Furthermore, A; is proportional to mglz, while mg has an
upper bound [Eq. (21)]. Therefore, A; has a nontrivial
lower bound.

By imposing Eq. (21) and |AY| > 0 to Eq. (34), we find

aen’l 4(4”)4MTT
7687G% \1.05ngm2hl,

16 |hilhjl|2 |Mn-|
|h23 |8ngﬁc 0.02 eV

4
> |hilhjl|2Br(f,- - lfﬂ/f/)

4

(35)

The ranges of h;; are determined by neutrino oscillation
parameters. We define k and k" as

h12

kE_? =),
h23 h23

(36)

and by solving Eq. (4), they can be expressed by the
neutrino mass matrix components as®

_ MeﬂMﬂT B MeTM/m

k s
MﬂﬂMTT - Mﬂf

(37)

*It can be derived straightforwardly using Egs. (10) and (11) in
Ref. [16].

K — MeﬂM‘n' - Me‘rM/n
M, M, — M>

Ht

(38)

The ranges of these parameters significantly depend on the
neutrino mass ordering.

For the NO case, the 30 ranges of k and k' are 0.27 <
|k| <0.67 and 0.26 < |k'| < 0.66 [16]. Since |k|, |K'| < 1,
the perturbativity should be imposed to the largest compo-
nent: |hy;| < 1. By this condition, the factor of /;; in the
branching ratios have to satisfy

|[hpshis> K
= K|, 39
ot~ et~ )
hyshys|? k|?
| 23 l;‘ _ | | - > |k|2, (40)
Ao B
hiphis)? kk'|?
| 12 1;' _ | |4 > |kk/|2 (41)
B3] |ha3

Finally, using the best-fit values of the experimental
data [21]

Br(y — evp) =1, (42)
Br(r — evi) = 0.1782 % 0.0004, (43)
Br(r — yuw) = 0.1739 = 0.0004, (44)
we obtain

Ml V* (mar\ (K] )’

B 0x 10718 ( Mee —e
tlu=er)> 5010 (o.ozev) <2 0329)
(45)
Ml \* (e (K2

B ) 1_18 | 77 eff
(e = ey)>30x10 (0.0ZeV) (2 0.600) °
(46)

M| \* e\ ™
B 32 x 107 M|\ (e
(e = py) > 3.2 <0.02 eV> < 2

KL\ (KT N?
— 47
x (0.600 0329) ° (47)
where k and k' are factored out by using best-fit values.
For the IO case, the 30 ranges of k and k' are
39 <|k| <53 and 4.0 < |K'| < 5.4 [16]. Using the best-
fit parameters, we obtain |k| = 4.31 and |k'| = 5.01. Since

|K'| > |k|,1, we impose the perturbativity condition as
|h13] < 1. By this condition, we obtain

|hoshis _ K°

|h23|8 ‘h13‘4

> |k
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hoah 2 k2 k/4
| 23 12| — | | | | - |k|2|k/|4, (49)
|has |® [hys)*

ks _ kPR
|h23|8 ‘h13‘4

> [k[2K]°. (50)

By substituting these inequalities to Eq. (35), the lower
bounds are

Mal \* (e (K1)
B 74 1—13 ‘ 7 eff
tlu = er) > 7410 (0.02 ev> (2 501)

(51)

M 4 —4
Br(zr = ey) > 9.7 x 10714 (0027!\/) (";ff>

() (san) 2

4 —4
Br(t — py) > 2.4 x 10712 <7|M"| > <@>

0.02 eV 2

<(351) (or) - (53)

In the case with three right-handed neutrinos n.s <2
and the best-fit neutrino oscillation parameters |M,,| >
0.126 eV [see Eq. (28)], the bounds are

Br(u — ey) > 1.1 x 10713, (54)
Br(r — ¢y) > 1.5 x 10714, (55)
Bi(z — uy) > 3.7 x 1075, (56)

As a whole, the bounds are more severe for the 10
case than the NO case. It comes from the fact that /53 is
smaller for the IO case to produce the neutrino mass matrix.
Even the bounds for the NO case, however, are much
stronger than the contribution of active neutrinos
Br(u — ey) < 10734 [22-26].

B. Constraints on the parameters

Experimental upper limits of the LFV branching ratios
(90% confidence level) are [21,27,28]

Br(u — ey) < 4.2 x 10713, (57)
Br(z - ey) <3.3x 1078, (58)
Br(r — uy) < 4.4 x 1078, (59)

These lepton flavor violations will be explored by many
future experiments. The sensitivity of MEG II on this
u — ey mode is expected to be 6x 107'% [17]. The

sensitivity of Belle-II on the LFV mode with 7 is estimated
to 0(107)-0(10719) [29]. In this subsection, we focus on
1 — ey and consider the IO case.

To see the behavior of the lower bound, we write |M .|
explicitly,

IM.o| = |m (512523 = c1o813¢03€™) €™

+ my(c12823 + S12813¢23€7)?. (60)

It largely depends on 6 and 7. For example, if 6 ~ z and
n~ m/2, a cancellation can happen.

In Fig. 4, we plot the lower bound in the 6-7 planes using
the bound (51) and Eq. (60). Figs. 4(a) and 4(b) are the
cases that oscillation parameters are set to the best-fit
values. Most regions of the parameters are already excluded
by the constraint from the MEG experiment (blue region).
In particular, if 6 is also the best-fit value, n. = 1 is
excluded, and n. = 2 can be excluded by MEG II. As we
stated, the region including 6 = = and n = x/2 is uncon-
strained by the LFV experiments.

We also searched for the neutrino parameters that
minimizes the right-hand side of the inequality (51) within
two standard deviation ranges.4 We found that parameters

Amd, =7.03x 1075 eV2,  Am2, = —2.442 x 1073 V2,

612 - 35.010, 023 - 47.10, 913 - 8.840,
6 =222° n=7179.1° (61)
realize the minimum,
Br(u — ey) > 1.0 x 107 *nt. (62)

Figures 4(c) and 4(d) show the lower bound with these
parameters (except 6 and 7). The unconstrained regions are
enlarged, but the MEG II experiment can probe most
regions even in these conservative cases.

The Majorana phase is searched by neutrinoless double-
beta decay experiments, and they are sensitive to the ee
component of the neutrino mass matrix,

M,, = (m c},e*™ + mys3,)cls. (63)

This is independent from &, and determined by 7. We can
express 1 by |M,,| as

1 | €€|2
— M 2 .4 4
cos2n = > v micl, —mycl, | (64)
2mymys7,¢7, \ €3

The range of |M | which satisfies |cos 2n| < 1 is (using the
best-fit values)

“To obtain the ranges, we simply multiplied the standard
deviation in Ref. [19] by two. We chose two standard deviations
because the constraints on Br(u — ey) are given at 90% C.L.
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FIG. 4. Contour plots of the lower bounds on Br(y — ey) in the inverted mass ordering cases. ng (< ny — 1) is the number of right-
handed neutrinos that contribute to M .. In cases (a) and (b), the other neutrino oscillation parameters are fixed to the best-fit values [19].
In cases (c) and (d), they are chosen to realize minimal Br(u — ey) within two standard deviations. The blue regions are already
excluded by MEG [27]. The green regions can be excluded by MEG II [17]. The solid- and dashed-vertical lines indicate the best-fit
value and 20 ranges of 0. (a) nyy = 1, best-fit. (b) ne; = 2, best-fit. (¢) neg = 1, minimal. (d) n.; = 2, minimal.

0.0187 eV < |M,,| < 0.0484 eV. (65)

We plot the lower bound of Br(u — ey) as a function of
|M,,| and & in Fig. 5.

The present upper limit on |M,,| by neutrinoless double
beta decay experiments is 66 to 155 meV [30], so they
do not constrain the range given by Eq. (65). The
sensitivities of future experiments (90% C.L.) are, however,
19 meV-46 meV (SNO+ Phase II [31]), 5.7 meV-
17.7 meV (nEXO, after 10 years of data taking [32]), so
the all range of |M,,| can be searched. These experiments,

in combination with neutrino oscillation and LFV experi-
ments, can exclude the KNT model with ny, = 3 evenif d is
not the best-fit value today. For instance, if neutrinoless
double-beta decay experiments find |M,,| = 45 meV and
neutrino oscillation experiments show the mass ordering is
inverted, the KNT model with ny = 3 predicts too large
Br(u — ey) and the model is excluded.

V. DARK MATTER PROPERTY AND LFV

In this section we discuss a case that Br(u — ey) is close
to the lower bound given in the previous section to avoid
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Contour plots of the lower bound on Br(u — ey) in the IO case. Notation is same as Fig. 4. The Majorana phase 7 is converted

to |M,,.| by Eq. (64). (a) ng = 1, best-fit. (b) ny = 2, best-fit. (¢) nei = 1, minimal. (d) neg = 2, minimal.

severe experimental constraints. As stated after Eq. (34),
the A3? term in the Br(z — uy) can be large in this situation.
The loop function F, in Ay is monotonically decreasing,
so the lightest right-handed neutrino N; contributes to
7 — py dominantly. We first discuss a constraint on N; as
dark matter, then show minimal Br(z — py) with explicit
parameters in the allowed region.

A. Dark matter bound

In the KNT model, the lightest Z, odd particle is stable.
When the Z, odd particle mass spectrum satisfies
my, < mg,, Ny is the dark matter candidate. The thermal
relic abundance of N in the early Universe is constrained
as Qy, h* < 0.1. The abundance approximately depends on
the annihilation cross section ov as

Qy I ~ 0.1 (3 x 10726 cm3/s>,

ov

(66)

so o0 = 3 x 10726 cm? /s is needed.

In the most region of the parameter space, the dominant
annihilation mode is N\N, — ;¢ ; via t- and u-channel
exchanges of S,. The cross section is given by

2

m2, (m%, +m 3.3
oo = TN Szjxfzz|gl,gl,| 67)

8ﬂ(mN -|-mS2 = ‘=

where x;=T;/my, is determined by the freeze-out
temperature of Ny, Ty, and x; ~ 1/20. When my, ~mg,
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l\/Iin(Br(lr—>u+ V)
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FIG. 6. Contour of the minimal value of Br(z — py) (red lines).
The light-red region is already excluded by the BABAR experi-
ment [28]. The dark gray region shows where the charged
particle S, is stable. The lines labeled “0.75” and “3” indicate
ov/(3 |g7:91j1* (10726 cm?/s)), and the light-gray region upper
of the dot-dashed curve, either |g;»| > 1 or |[g;3| > 1is required to
satisfy Qy, h? ~0.1. The cyan region is excluded by the direct
search of the right-handed slepton at the LHC [33,34].

is satisfied, the coannihilation process with S, gives a
significant contribution.

In Fig. 6, we show the contours of 6v/> ", > g},91;|* in
the my, — mg, plane. For g;; = 0, the dark matter abun-
dance condition and the perturbativity |g;»| < 1, |gi3] < 1
give my, < mg, <750 GeV.

B. Benchmark example

Let us define our benchmark point. To take Br(u — ey)
as small as possible, we need large loop functions
f(x23.), ie., my,, =543mg > mg, and large cou-
plings. We choose

ms, =8.74x 10 GeV, My, = My, =4.75x 10° GeV,

/IS:maX(|h,~j ):1, (68)

and parametrize the Yukawa matrix g;;(ny = 3) as

0 910 913
g=10 1 g5 |. (69)
0 1 g3

where we set g;; = 0 to suppress the S, exchange con-
tribution to u — ey. Once we input the neutrino masses,
the parameters in the mixing matrix, and myg,, the param-
eters h;j, g»3, g33 are determined by the procedure given in
Ref. [16]. On the other hand, my,, g1, g3 are almost
irrelevant to the neutrino mass matrix, since the N,
contribution to the neutrino mass matrix is significantly
suppressed due to f(x;,y) < f(x,,y) = f(x3,y). The
parameters g,3 and ¢33 are related to the neutrino mass
components as

My _ e X5 Mo _muXn (70)
M mﬂ X23 ’ M m; X23 ’

ur ut

with
3
X = Zg%zf(xh)’) ~2f(x2, y),
=1
3
X3 = 2912913f(x1, ) 2 (923 + 933)f (x2. ),
=1

3
X33 = Z&h%f(xhy) =~ (933 + g33)f (%2, 7). (71)
=1

By solving Eq. (70), g,; and ¢33 are determined. Taking
into account max(|/;;|) = 1, the matrix & is also deter-
mined by Egs. (36), (37), and (38).

For example, by using the best-fit neutrino parameters in
Ref. [19], n = 1.29, and mg, = 300 GeV, we obtain

0 g 913
g=10 1 (12428)x102 |, (72
0 1 (8.1+3.5i)x1072
and
0 —0.860 1
h= | 0.860 0 —0.041+0.195i |. (73)

-1 0.041-0.195i 0

In this case, the branching ratio and the effective neutrino
mass are calculated as

Br(u = ey) = 1.2 x 10713, (74)
IM,,| = 0.0224 eV. (75)

These are below the constraints today but can be tested in
future experiments.

In our benchmark case, the §; contribution to the LFV
is suppressed enough to satisfy the current experimental
bound. Hereafter, we focus on the S, contribution to the
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LFV. There is no contribution to y — ey and 7 — ey
because of our ansatz g;; =0, while contribution to
7 — py can be significant. In Fig. 6, we display the contour
of the minimal value of Br(z — puy) for each parameter
point of (my, , mg,). We have taken into account our ansatz
that all the dimensionless coupling constants should be less
than one. For larger my, and m,, |g12|* + |g13/* needs to be
larger in order to reproduce the dark matter relic abundance.
In the upper region of the dot-dashed curve labeled “1.5”,
lg12| > 1 or |gy3] > 1 is required. The left upper region of
the solid red curve is already excluded by the BABAR
experiment [28]. In near future, the experimental sensitivity
for Br(z — uy) is expected to be improved factor 100 at
the Belle II experiment [29], and the wide region of the
parameter space can be explored.

VI. CONCLUSION

In this paper we have discussed the constraints on the
parameter space of the KNT model by taking into account
the perturbativity of the dimensionless coupling constants
and neutrino mass matrix components. We have found

that there are lower limits of the predicted Br(u — ey),
Br(z — ey), and Br(z — py) which are induced by the S
scalar exchange. In the IO case, the bound on Br(u — ey)
is so severe that the wide ranges of the Dirac and Majorana
CP phases are restricted. If the neutrino oscillation param-
eters are best-fit values in the 10O case, n.; = 1 is already
excluded and n.; = 2 can be excluded by MEG II.

We have also considered the S, contribution to 7 — py in
a case with suppressed p — ey. We have shown that
Br(z — py) can be large enough that wide parameter
space can be tested by future experiments such as the
Belle II experiment. If my ,mg, < 350 GeV, Br(z — uy)
can be suppressed, but such light particles can be directly
searched at the LHC experiments or future ete™ collider
experiments.
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