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In this work, we study the lepton-number-violating processes of K� and D� mesons. Two
quasidegenerate sterile neutrinos are assumed to induce such processes. Different from the case where
only one sterile neutrino is involved, here, the CP phases of the mixing parameters could give a sizable
contribution. This, in turn, would affect the absolute values of the mixing parameters determined by the
experimental upper limits of the branching fractions. A general function which expresses the difference
between the mixing parameters for two-generation and one-generation cases is presented. Special cases
with specific relations of the parameters are discussed. Besides, we also thoroughly investigate the CP
violation effect of such processes. It is shown that generally ACP is a function of the sterile neutrino mass.
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I. INTRODUCTION

The neutrino oscillation phenomena indicate that at least
two of the three active neutrinos have nonzero masses.
Usually, different seesaw mechanisms are proposed to
explain why the masses of active neutrinos are so small.
For example, in the type-I seesaw mechanism, the right-
handed sterile neutrinos which are in the Grand Unified
Theory scale are introduced. However, there are also
models which allow the existence of keV or GeV sterile
neutrinos [1,2]. Neutrinos at these mass scales could be
produced on-shell in the meson rare decays, which can be
studied at B factories. A clear signal which indicates the
sterile neutrinos being of Majorana type is the observation
of the lepton-number-violating (LNV) processes of charged
or neutral mesons, which has been extensively studied
theoretically in Refs. [3–21] by assuming one extra sterile
neutrinoN4. Besides, the N4 induced LNV processes of the
tau lepton [8,22–26] and baryons [27] have also been
investigated. By comparing with the experimental data of

the branching ratios, the upper limits of the mixing
parameters Ul4 can be obtained.
If two extra sterile neutrinos, N4 and N5, are introduced,

some new aspects should be considered. In Ref. [28],
Abada et al. have shown that when mediated by two
generations of quasidegenerate neutrinos, the interference
effect will make the observation of the LNV process and
the lepton-flavor-violating process of semileptonic meson
decays complement each other, and the Nonobservation of
LNV process in current experiments does not necessarily
lead to more stringent bounds on the corresponding mixing
matrix elements. In Refs. [29–32], the CP asymmetry in
rare meson decays caused by the interference between two
quasidegenerate generations of sterile Majorana neutrino
has also been extensively studied. In Ref. [33], the resonant
CP violation in rare τ� decays has also been considered.
However, there are still two things about such decays that

deserve further studies. First, with two quasidegenerate
sterile neutrinos, the CP phase may play an important role,
especially in some specific parameter space. This will affect
the determination of the upper limits of the mixing
parameters. For example, there may be a large cancellation
when the CP phases approach to π. When we use the
experimental values to set the upper limits of Ul4;5, they
could be much larger than those of the one-generation case.
And when we use such limits to set the upper bounds of the
branching ratios of other meson decays, such as the B
meson, the results will also be changed. Second, the CP
asymmetry in such decays will, in general, depend on
several parameters, such as the ratios of jUl4;5j, the CP
phases, and the sterile neutrino mass. A thorough study of
how the CP asymmetry changes with these parameters is
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necessary. In this paper, we will try to study these two
things.
The paper is organized as follows. In Sec. II, we present

the calculation of the decay width of the LNV processes for
the K meson. A function which is defined as the ratio of
jUl4j in the two-generation and one-generation cases are
obtained. In Sec. III, two special cases are considered. In
Sec. IV, we investigate the CP violation effect and discuss
how the CP asymmetry changes with related parameters.
Finally, we present the conclusion in Sec. V.

II. GENERAL CONSIDERATION

If only one generation of heavy sterile neutrino is
assumed, the decay width will just depend on jUl4j, while
the CP phases have no influence on the physical results.
This situation has been extensively studied, such as in
Refs. [34,35]. However, if there exist two generations of
sterile neutrinos, the CP phases will be relevant. As in
Ref. [28], we will parametrize the active-sterile mixing
matrix elements as UlN ¼ jUlN je−iϕlN , where l ¼ e, μ, τ,
N ¼ 4, 5 and the CP phase ϕlN contains both the Dirac and
Majorana phases.
The decay width of the heavy sterile neutrino can be

written as

ΓN ¼ jUeNj2feðmNÞ þ jUμN j2fμðmNÞ þ jUτN j2fτðmNÞ;
ð1Þ

where fl (l ¼ e, μ, τ), as functions of mN , are achieved by
considering all the possible decay channels of the sterile
neutrino (see Ref. [34]). As an example, we set jUlN j to one
and plot ΓN and fl=ΓN in Figs. 1(a) and 1(b), respectively.
Generally, two generations of sterile neutrinos may have
different widths because of different mixing parameters and
masses. We can write their ratio as

k ¼ jUe5j2feðm5Þ þ jUμ5j2fμðm5Þ þ jUτ5j2fτðm5Þ
jUe4j2feðm4Þ þ jUμ4j2fμðm4Þ þ jUτ4j2fτðm4Þ

≈
kefeðm4Þ þ kμekμfμðm4Þ þ kτekτfτðm4Þ

feðm4Þ þ kμefμðm4Þ þ kτefτðm4Þ
; ð2Þ

where we have defined

ke ¼
jUe5j2
jUe4j2

; kμ ¼
jUμ5j2
jUμ4j2

; kτ ¼
jUτ5j2
jUτ4j2

;

kμe ¼
jUμ4j2
jUe4j2

; kτe ¼
jUτ4j2
jUe4j2

: ð3Þ

To get the second line of Eq. (2), we have assumed the
Majorana neutrinos are quasidegenerate, namely,
Δm≡m5 −m4 ≪ m4. This is reasonable, because from
Fig. 1 we see ΓN ≪ m4, and the interference effect is
important only when Δm ∼ ΓN .
We will consider the LNV process KþðPÞ→eþðp1Þeþ×

ðp2Þπ−ðp3Þ, whose Feynman diagram is shown in Fig. 2.
Following the Feynman rules in Ref. [34], we write the
amplitude of this process as

iM ¼ 2G2
FfKfπVudVus

�
Ue4Ue4m4

s23 −m2
4 þ iΓ4m4

þ Ue5Ue5m5

s23 −m2
5 þ iΓ5m5

�
ūðp1Þ=P=p3PRvðp2Þ; ð4Þ

(a) (b)

FIG. 1. (a) Decay width of heavy sterile neutrino with mN ∈ ½0.140; 5.279� GeV; (b) the portion of the contribution made by Ue, Uμ,
and Uτ, respectively.

FIG. 2. Feynman diagram of the LNV process Kþ → eþeþπ−.
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where GF is the Fermi constant, fK and fπ are the decay
constants of K and π, respectively, and s23 ¼ ðp2 þ p3Þ2.
Here we do not include the contribution of the exchange
diagram, because ΓN is too small and the interference terms
between two diagrams can be neglected. Correspondingly,
when doing the phase space integral, one should drop the
factor 1=2.
We define x ¼ ðs223 −m2

4Þ=ðΓ4m4Þ, x0 ¼ Δm=Γ4,
Δφ ¼ 2ðϕe5 − ϕe4Þ. The square of the absolute value of
the ½…� part in Eq. (4) can be written as

���� Ue4Ue4m4

s23 −m2
4 þ iΓ4m4

þ Ue5Ue5m5

s23 −m2
5 þ iΓ5m5

����
2

¼ jUe4j4
Γ2
4

yðke; k; x0;Δφ; xÞ; ð5Þ

where

yðke; k; x0;Δφ; xÞ

¼ 1

1þ x2

�
1þ k2eðx2 þ 1Þ

k2 þ ðx− 2x0Þ2
þ 2ke
k2 þ ðx− 2x0Þ2

× ½ðkþ x2 − 2xx0Þ cosΔφ− ðkx− xþ 2x0Þ sinΔφÞ�
�
:

ð6Þ

Then the decay width can be expressed as

Γ ¼ Cf
jUe4j4m4

Γ4

Z
yðke; k; x0;Δφ; xÞILTðs23Þdx; ð7Þ

where Cf ¼ G2
Ff

2
Kf

2
πjVueVusj2=ð4mπÞ3 and the ILT func-

tion is

ILTðs23Þ ¼
1

2s223

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m4 − 2m2ðm2

1 þ s23Þ þ ðm2
1 − s23Þ2

q

×
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m4

2 − 2m2
2ðm2

3 þ s23Þ þ ðm2
3 − s23Þ2

q

× ½m2ðm2
1 þ s23Þ − ðm2

1 − s23Þ2�
× ½m4

2 −m2
2ðm2

3 þ 2s23Þ − s23ðm2
3 − s23Þ�: ð8Þ

In the above equation, m is the mass of the Kþ meson, m1

and m2 are the masses of charged leptons, and m3 is the
mass of π−.
From the definition of x, we can see that even s23 has a

very small variation from m4, x will still change a lot,
because Γ4 is extremely small compared with m4. This
means we can set s23 ≈ s23ðx ¼ 0Þ ¼ m2

4 and take the
integral interval to be ð−∞;∞Þ. Then the decay width will
be expressed as

Γ ≈ Cf
jUe4j4m4

Γ4

Z
∞

−∞
yðke; k; x0;Δφ; xÞILTðm2

4Þdx

¼ Cf
jUe4j4m4

Γ4

Iyðke; k; x0;ΔφÞILTðm2
4Þ; ð9Þ

where

Iyðke; k; x0;ΔφÞ ¼ π

�
1þ k2e

k

	
þ 4πke
ðkþ 1Þ2 þ 4x20

× ½ðkþ 1Þ cosΔφ − 2x0 sinΔφ�: ð10Þ
It is worth mentioning that in Eq. (9) the kinematical effects
are contained in the factor ILTðm2

4Þ, while the factor
Iyðke; k; x0;ΔφÞ contains the new physics information.
By using the branching ratio BrðKþ → eþeþπ−Þ and the

lifetime ofKþ τðKþÞ, we can express the mixing parameter
jUe4j2 as

jUe4j2 ¼
BrðKþ → eþeþπ−Þ

τðKþÞ

×
g4ðkμ; kτ; m4Þ

Cfm4Iyðke; k; x0;ΔφÞILTðm2
4Þ
; ð11Þ

where g4ðkμ; kτ; m4Þ≡ Γ4=jUe4j2. For the one-generation
case, the kinematical factor ILTðm2

4Þ, the decay width Γ4,
and the branching ratio are taken to be same as those of the
two-generation case, and one just needs to replace the Iy
function in Eq. (11) to π. To compare the results of two
situations, we define a ratio function:

R21ðke; k; x0;ΔφÞ≡ jUe4j2−gen
jUe4j1−gen

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
π=Iyðke; k; x0;ΔφÞ

p
;

ð12Þ
which depends on ke both directly and indirectly (through
k). In the next section, we will consider some special
situations to study the characteristics of this function.

III. SOME SPECIAL CASES

A. Case one

We first consider a simple case. That is, we assume jUl5j
and jUl4j are flavor universal. FromEq. (2) andEq. (3)weget
k ¼ kl and kμe ¼ kτe ¼ 1, which indicates that k does not
depend on the neutrino mass. As a result, the functions y, Iy,
and R21 will depend only on k, x0, and Δφ. We display our
result of the y function in Fig. 3, with different choices of the
parameter ðk; x0;ΔφÞ.FromFigs. 3(b) and3(c)wecanseeΔφ
affects the shape and hight of the peak. From Figs. 3(a) and 3
(c) we can get a similar message. This means as x0 or Δφ
changes, the interference effect between two generations of
sterile neutrinos also changes. Comparing Figs. 3(c) and 3(d),
we can see the deviation from k ¼ 1 will result in the
discrepancy of the heights of two peaks. If k gets either too
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small or too large, onlyN4 orN5 gives themain contribution,
and this returns to the one-generation case.
The function Iy in this situation has the following form:

Iyðk; x0;ΔφÞ ¼ πðkþ 1Þ þ 4πk
ðkþ 1Þ2 þ 4x20

× ½ðkþ 1Þ cosΔφ − 2x0 sinΔφ�: ð13Þ

By defining cos η ¼ 2x0=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkþ 1Þ2 þ 4x20

p
and sin η ¼

ðkþ 1Þ= ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðkþ 1Þ2 þ 4x20
p

, we can rewrite Eq. (13) as

Iyðk; x0;ΔφÞ ¼ πðkþ 1Þ þ 4πk
kþ 1

sin η sinðη − ΔφÞ: ð14Þ

Correspondingly, the function R21 becomes

(a) (b)

(c) (d)

FIG. 3. y function in the two-generation case with parameters chosen as: (a) k ¼ 1.0; x0 ¼ 0.1;Δφ ¼ π=2, (b)
k ¼ 1.0; x0 ¼ 1.0;Δφ ¼ π, (c) k ¼ 1.0; x0 ¼ 1.0;Δφ ¼ π=2, (d) k ¼ 2.0; x0 ¼ 1.0;Δφ ¼ π=2.

(a) (b)

FIG. 4. R21 as a function of (a) Δφ and (b) x0.
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R21ðk; x0;ΔφÞ ¼
�
kþ 1þ 4k

kþ 1
sin η sinðη − ΔφÞ

�
−1=2

:

ð15Þ

In Fig. 4 we show how R21 changes with the parameters.
From Fig. 1(a) one can see that with k ¼ 1, there is a peak
whose value and position change with x0. As x0 decreases,
the value of the peak is enhanced and its position moves
towardΔφ ¼ π. This means that the difference between the
two-generation case and the one-generation case gets larger
when x0 gets smaller if we take Δφ around π. From Fig. 1
(b), one can see that if we set Δφ ¼ π and change k, the
value of R21 can also be greatly affected. This means if we
want a large R21, we should take a value of k not far from 1.

B. Case two

Next we consider a situation with the constraint a little
relaxed. That is, we only assume kμe ¼ kτe ¼ 1, but leave
the ratio ke, kμ, and kτ as free parameters. As a result, k will
have the following form:

FIG. 5. The dependence of R21 on k and ke with x0 ¼ 0.1 and
Δφ ¼ π.

(a) (b)

(c)

FIG. 6. The dependence of R21 on m4 with (a) kτ ¼ 0.1, (b) kτ ¼ 1.0 and (c) kτ ¼ 10.0. Here we have chosen ke ¼ kμe ¼ kτe ¼ 1,
x0 ¼ 0.1, Δφ ¼ π and kμ ¼ 0.1; 1.0; 10.0 in each subfigure.
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k ¼ kefeðm4Þ þ kμfμðm4Þ þ kτfτðm4Þ
feðm4Þ þ fμðm4Þ þ fτðm4Þ

: ð16Þ

One can see that generally k will depend both on kl and the
neutrino mass. Correspondingly, R21 will also depend on
such parameters. As an example, in Fig. 5 we present the
dependence of R21 on k and ke with x0 ¼ 0.1 and Δφ ¼ π.
We can see that R21 will reach its maximum when both k
and ke are around one. From Eq. (16) we get k ≥ feke=P

l fl. Only the ranges above the straight line (with a
specific value of m4) in Fig. 5 are allowed.
The dependence of R21 on m4 are presented in Fig. 6,

where specific values of the parameters are assumed. One
notices that R21 strongly depends on the sterile neutrino
mass when the later is less than 1 GeV (except the ke ¼
kμ ¼ kτ ¼ 1 case). When m4 is larger than 1 GeV, the
curves become smooth. The reason for this is that feðm4Þ,
fμðm4Þ, and fτðm4Þ have a similar dependence on m4 [see
Fig. 1(a)], and R21 depends on these functions only through

k given in Eq. (16). Then we study how these results will
affect the upper limits of the mixing parameters. By using
the experimental results of the LNV processes of K and D
mesons in Table I, together with Fig. 6 and Eq. (11), we get
the upper limits of the mixing parameters with different
sterile neutrino masses. The results, which are represented
as the dot-dashed lines, are presented in Fig. 7. For
comparison, we also present the results of the one-gen-
eration case (the solid lines). We can see that with such a
choice of parameters, the square of the mixing parameters
could be raised approximately by 2 orders of magnitude.

(a) (b)

(c)

FIG. 7. Experimental bounds on (a) jUej2, (b)jUμj2, and (c) jUeUμj in one-generation and two-generation scenarios. For the later case,
we choose kμe ¼ kτe ¼ 1, kτ ¼ 10.0 and x0 ¼ 0.1.

TABLE I. Experimental results of the LNV processes of Kþ

and Dþ mesons [36].

Decay channel Braching ratio Decay channel Braching ratio

Kþ → eþeþπ− <6.4 × 10−10 Dþ → eþeþπ− <1.1 × 10−6

Kþ → μþμþπ− <8.6 × 10−11 Dþ → μþμþπ− <2.2 × 10−8

Kþ → eþμþπ− <5.0 × 10−10 Dþ → eþμþπ− <2.0 × 10−6
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There are two things that should be mentioned for the
Kþ → eþμþπ− process. First, the Iy function for this
channel has the following form:

Iyðke; kμ; k; x0;ΔφÞ

¼ π

�
1þ kekμ

k

	
þ 4π

ffiffiffiffiffiffiffiffiffi
kekμ

p
ðkþ 1Þ2 þ 4x20

× ½ðkþ 1Þ cosΔφ − 2x0 sinΔφ�; ð17Þ

which is similar to Eq. (10). Second, the interference terms
of the diagram and the crossed one can also be neglected,
while the phase-space-allowed mass ranges of heavy sterile
neutrinos are different for two diagrams. To be more
specific, in the mass range (mμ þmπ , mK −mμ), both
diagrams contribute to the decay rates, while for other mass
ranges, only one of the diagrams will contribute.

IV. CP VIOLATION

If there is only one generation of heavy sterile neutrino,
no CP violation in such LNV processes will be generated.
So to study CP asymmetry, we should consider at least two
generations of heavy sterile neutrinos. We first consider the
LNV processes K� → e�e�π∓. The CP asymmetry of
such decay channels is defined as

ACP ¼ ΓðK− → e−e−πþÞ − ΓðKþ → eþeþπ−Þ
ΓðK− → e−e−πþÞ þ ΓðKþ → eþeþπ−Þ : ð18Þ

It turns out that the only difference between the decay
widths of these two CP-conjugated channels lies in the
phases of the active-sterile mixing parameters. Specifically,
we just need to change the sign of the CP phase Δφ to get
ΓðK− → e−e−πþÞ from ΓðKþ → eþeþπ−Þ. From Eq. (9)
and Eq. (10), we get

ACP ¼ Iyðke; k; x0;−ΔφÞ − Iyðke; k; x0;ΔφÞ
Iyðke; k; x0;−ΔφÞ þ Iyðke; k; x0;ΔφÞ

¼ 8kx0 sinΔφ
ðke þ k=keÞ½ðkþ 1Þ2 þ 4x20� þ 4kðkþ 1Þ cosΔφ : ð19Þ

As k generally depends on kl, kμe, kτe, and the m4, the CP asymmetry will also depend on these parameters.
For the decay processesK� → e�μ�π∓, the function Iy will also depend on kμ both directly and indirectly (through k). In

this case, the CP asymmetry can be written as

ACP ¼ Iyðke; kμ; k; x0;−ΔφÞ − Iyðke; kμ; k; x0;ΔφÞ
Iyðke; kμ; k; x0;−ΔφÞ þ Iyðke; kμ; k; x0;ΔφÞ

¼ 8kx0 sinΔφ
ð ffiffiffiffiffiffiffiffiffi

kekμ
p þ k=

ffiffiffiffiffiffiffiffiffi
kekμ

p Þ½ðkþ 1Þ2 þ 4x20� þ 4kðkþ 1Þ cosΔφ ; ð20Þ

whereΔφ ¼ ðϕe5 − ϕe4Þ þ ðϕμ5 − ϕμ4Þ. One can see that Eq. (19) can be achieved from Eq. (18) by replacing ke by
ffiffiffiffiffiffiffiffiffi
kekμ

p
.

(a) (b)

FIG. 8. (a) ACP as a function of x0 and Δφ with k ¼ 1; (b) the region around the maximum.
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As a first step, we consider the simple situation. That is,
jUl4j and jUl5j are flavor universal, from which we get
k ¼ kl and kμe ¼ kτe ¼ 1. Then Eq. (19) can be simplified
as

ACP ¼ 8kx0 sinΔφ
ðkþ 1Þ½ðkþ 1Þ2 þ 4x20 þ 4k cosΔφ� : ð21Þ

One notices that this result is independent of the initial
meson and the sterile neutrino mass. From Eq. (21) we can
seeACPðπ þ ΔφÞ ¼ −ACPðπ − ΔφÞ, so we will only focus
on the region Δφ ∈ ð0; πÞ. In Fig. 8, we present the
numerical results of ACP changing with Δφ and x0.
Here we have chosen k ¼ 1 for simplicity. One can see
ACP has maximum when x0 → 0 and Δφ → π.
It is interesting to find the maximum ofACP. To that end,

we define α ¼ π − Δφ, and from the discussion above we
know the maximum can be achieved only when α is small.
Then we getFIG. 9. The extremum of ACP as a function of ke and k.

(a)

(c) (d)

(b)

FIG. 10. The mass dependency of the extremum value of CP asymmetry in several choices of parameters, where ke ¼ 0.99,
kμe ¼ kτe ¼ 1.
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ACPðk ¼ 1; x0;Δφ ¼ π − αÞ ¼ x0 sin α
x20 þ 1 − cos α

≈
x0α

x20 þ α2=2
¼ β

1=2þ β2
;

ð22Þ

where β≡ x0=α. One can see that in this special case, the
CP asymmetry only depends on the ratio of x0 and α,
namely, β. The maximum of ACP is

ffiffiffi
2

p
=2, which can be

achieved when β ¼ ffiffiffi
2

p
=2.

Next we consider the case with a relaxed condition, that
is kμe ¼ kτe ¼ 1, but leave ke, kμ, and kτ as free parameters.
ACP will generally depend both on kl and m4. We want to
find its extremum value under such conditions. To that end,
we take the partial derivatives ofACP with respect to x0 and
Δφ, and set these derivatives to zero,

∂
∂x0ACP ¼ 0;

∂
∂ΔφACP ¼ 0: ð23Þ

By solving these equations we get the extreme point,

4x20jextre ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðke þ 1Þ4 − 16k2e

q
;

cosΔφjextre ¼
4x20jextre − ðke þ 1Þ2

4ke
: ð24Þ

Submitting them into Eq. (19), we obtain

ACPextre
ðke; kÞ ¼

8kx20jextre
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2ke cosΔφjextre

p
4x20jextreðk2 þ 2kþ k2eÞ þ ðkþ 1Þðk− keÞ2

:

ð25Þ

Here we have expressed the extremum of ACP as the
function of ke and k. If we take k ¼ ke first, and then let k
approach to one, we get ACPextre

¼ ffiffiffi
2

p
=2, which is the

result in the former case. In Fig. 9, the numerical results are

presented. We can see thatACPextre
is suppressed when ke or

k is either too big or too small. Here, only the regions above
the straight lines are allowed because of the constraint
condition k ≥ feke=

P
l fl. In general, k depends on m4

[see Eq. (2)], and so does ACPextre
, which is shown in

Fig. 10. One can see that the parameters kl can greatly
affect the results. We should point out that although our
discussion about ACP is for LNV processes, these results
also apply to the lepton-flavor-violating processes with a
redefinition of Δφ.

V. CONCLUSION

In this paper, we have studied the LNV processes of
K and D mesons induced by two quasidegenerate heavy
sterile Majorana neutrinos. Two things are carefully
investigated. First, the partial widths of these decays
are related to a function Iy, which depends on ke, k, x0,
and Δφ. Correspondingly, the upper limits of the active-
sterile mixing matrix elements extracted by comparing
with the experimental data also depend on such param-
eters. It is shown that when we set k ¼ 1, x0 → 0, and
Δφ → π, there is a big deviation of the results of the
two-generation and one-generation cases. Second, a
general expression for the CP asymmetry of such decay
channels is presented. The extremum value of ACP, as a
function of ke and k, reaches its maximum value

ffiffiffi
2

p
=2

when we take k ¼ ke ¼ 1. Indirectly through k, the
sterile neutrino mass can greatly affect the extremum
value of ACP.
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