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Study of two quasidegenerate heavy sterile neutrinos in rare meson decays
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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 .A¢p is a function of the sterile neutrino mass.

DOI: 10.1103/PhysRevD.103.035015

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
neutrino N,. Besides, the N, induced LNV processes of the
tau lepton [8,22-26] and baryons [27] have also been
investigated. By comparing with the experimental data of
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the branching ratios, the upper limits of the mixing
parameters Uy, 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 7= 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 z. When we use the
experimental values to set the upper limits of Uy, s, 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 |Uyy 5|, the CP
phases, and the sterile neutrino mass. A thorough study of
how the CP asymmetry changes with these parameters is

Published by the American Physical Society
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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
|Uy4| 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 |U 4|, 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 U,y = |Upy|e=%, where £ = e, p, 1,
N = 4,5 and the CP phase ¢,y contains both the Dirac and
Majorana phases.

The decay width of the heavy sterile neutrino can be
written as

Uy = |Uoy|*fe(my) + U fu(my) + U2 f o (my),
(1)

where f, (£ = e, u, 1), as functions of my, are achieved by
considering all the possible decay channels of the sterile
neutrino (see Ref. [34]). As an example, we set |U | to one
and plot I'y and f,/T"y 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
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(a) Decay width of heavy sterile neutrino with my € [0.140, 5.279] GeV; (b) the portion of the contribution made by U,, U,,,
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where we have defined
— |U€5|2 _ |U/45|2 — |U7.'5|2
Ul UM T UL

U,l? U,)?
kye = | ﬂ4|2 > e — | T4|2 . (3)

|Ue4 |Ue4|

To get the second line of Eq. (2), we have assumed the
Majorana neutrinos are quasidegenerate, namely,
Am = ms — my < my. This is reasonable, because from
Fig. 1 we see I'y < my, and the interference effect is
important only when Am ~ I'y.

We will consider the LNV process K+ (P)—e™(p;)e™x
(p2)7~(p3), whose Feynman diagram is shown in Fig. 2.
Following the Feynman rules in Ref. [34], we write the
amplitude of this process as

UeaUegmy

iM = 2G> VidVus
Ffozr d K |:S23 — mi + iF4m4

UesUesms }ﬁ(Pl)P%PR”(Pz)’ (4)

8§23 — mg + iF5m5

7 (p3)

FIG. 2. Feynman diagram of the LNV process K™ — etetn™.
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where G is the Fermi constant, fx and f, are the decay
constants of K and 7, respectively, and sy; = (p, + p3)>.
Here we do not include the contribution of the exchange
diagram, because I'y 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 = (s3; —m3)/(Tymy), xo=Am/Ty,
Ap = 2(¢pos — ¢.4)- The square of the absolute value of
the [...] part in Eq. (4) can be written as

UesUoamy UesUesms  |?
8§73 — mi + ir4m4 §73 — m% + ir5m5
|Ueal*
= ;2 y(ke, k, xo, Ag, x), (5)
4

where

y(ke’ kva? A(p,X)

g ke(x* +1) 2k,
142 K2+ (x—2x9)* K%+ (x —2x)?
X [(k + x* = 2xx() cos Ap — (kx — x + 2x,) sin A(p)]}.

(6)
Then the decay width can be expressed as

|Ue4|4m4

F=¢—f

/y(ke,k, Xg, A@, x)ILT(s23)dx, (7)

where C; = G7.f% /2| V4 Vus|?/(4mz)* and the ILT func-
tion is

1
ILT(s53) = 532, \/m4 =2m*(mi + s3) + (m — 523)°
23

x \/mg = 2m5(m3 + 533) + (M3 = 523)°
X [m?(m] + 553) = (m7 = 523)°]

X [m§ — m3(m3 + 2s53) — s23(m3 — 523)]. (8)

In the above equation, m is the mass of the K™ meson, m,
and m, are the masses of charged leptons, and m5 is the
mass of z~.

From the definition of x, we can see that even s,3 has a
very small variation from my, x will still change a lot,
because I'y is extremely small compared with m,. This
means we can set 3 & 5,3(x =0) = m? and take the
integral interval to be (—o0, o0). Then the decay width will
be expressed as

Upl'my [
rchm/ y(ky k. x0. A, x)ILT(m2)dx

1—‘4 oo
U 4
= Cf7| e;' "4 Yy (ke ko X0, A@)ILT(mi2), (9)
4

where

K2 drk
Iy(k,, k, xo, Agp) = 1+-2 — ¢
y(ke. k. x0. Ap) ”( +k>+(k+1)2+4x(2)

X [(k+ 1) cos Ap — 2xgsin Agp|.  (10)

It is worth mentioning that in Eq. (9) the kinematical effects
are contained in the factor ILT(mj), while the factor
Iy(k,, k, xo, Ag) contains the new physics information.

By using the branching ratio Br(K™ — e™e™z7) and the
lifetime of K+ 7(K™), we can express the mixing parameter
|Ue4|2 as

Br(K" — etetn™)
7(KY)

% 94(k;t7k17m4)
Crmyly(k,. k. xo, Ap)ILT(m3)’

|Ue4|2 -

(11)

where gy (k. k;,my) =T4/|U,4|*. For the one-generation
case, the kinematical factor ILT(m3), the decay width T,
and the branching ratio are taken to be same as those of the
two-generation case, and one just needs to replace the ly
function in Eq. (11) to #. To compare the results of two
situations, we define a ratio function:

Uealn-
[eala—gen _ Va/ly(ke.k.xo, Ap).

(12)

R21(kevkv Xo, Ag) = |U 4|
e4|1—gen

which depends on k, 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 |U 5|
and |U z4| are flavor universal. From Eq. (2) and Eq. (3) we get
k =k, and k,, = k., = 1, which indicates that k does not
depend on the neutrino mass. As a result, the functions y, Iy,
and R,; will depend only on k, x,, and Ag. We display our
result of the y function in Fig. 3, with different choices of the
parameter (k, xo, Ag). FromFigs. 3(b) and 3(c) we can see Agp
affects the shape and hight of the peak. From Figs. 3(a) and 3
(c) we can get a similar message. This means as x; or Ag
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=1 will result in the
discrepancy of the heights of two peaks. If k gets either too
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chosen as: (a) k=1.0,x0=0.1,Ap =x/2, (b)

k=10,xg=1.0,Ap =7, (¢c) k=1.0,xg = 1.0,Ap = 7/2, (d) k =2.0,xy = 1.0, Ap = /2.

small or too large, only N, or N5 gives the main contribution,
and this returns to the one-generation case.
The function ly in this situation has the following form:

o Ak
(k+ 1) +4x3
X [(k+1)cos Ap — 2xgsin Ag|. (13)

ly(k. xo, Ap) = x(k + 1)

' k=1.0,%0=0.01
107"+
k=1.0,%0=0.1
------ k=1.0,%=1.0
10—2 L n
0 s b 3 27
2 2
Ag
(a)

By defining cosn = 2xy/+/(k+ 1)> +4x3 and siny =
(k+1)/+/(k+ 1)* + 4x3, we can rewrite Eq. (13) as

drk

o singsin(n — Ag). (14)

ly(k, xo, Ap) = w(k + 1) +

Correspondingly, the function R,; becomes

102
10’ \
N
_________________ N
Dt:\‘ 1r \\'E‘-'-‘—.T—
k=1.05,A¢=r1r
107"+
k=1.10,A¢p=71
------ k=2.0,Ap=17
10-2 L L L
1072 107" 1 10" 10?
Xo
(b)

FIG. 4. R,; as a function of (a) Ag and (b) x,.
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Ap = 7.
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-1/2

4k
Ry (k,xg, Ap) = |[k+ 1+ o sing sin(n — Ag)

(15)

In Fig. 4 we show how R,; changes with the parameters.
From Fig. 1(a) one can see that with k = 1, there is a peak
whose value and position change with x,. As x, decreases,
the value of the peak is enhanced and its position moves
toward Ap = z. This means that the difference between the
two-generation case and the one-generation case gets larger
when x, gets smaller if we take A¢ around z. From Fig. 1
(b), one can see that if we set Ap = 7 and change k, the
value of R,; can also be greatly affected. This means if we
want a large R,;, 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 k,, = k., = 1, but leave
the ratio k,, k,, and k; as free parameters. As a result, k will
have the following form:

my/GeV
(a)
10+
5 -

10
o ky=0.1,k;=1.0
..... = k,=1.0,k;=1.0
n? :: ————— ky=10.0,k:=1.0
n
I
Iy
1y TTr
1 -
0 1 2 3 4 °
my/GeV
(b)
ky=0.1,k;=10.0
..... = k,=1.0,k;=10.0
_____ ky=10.0,k;=10.0

FIG. 6. The dependence of R,; on my with (a) k; = 0.1, (b) k, = 1.0 and (c) k, = 10.0. Here we have chosen k, = k,, = k;, = 1,

xo=0.1, Ap = 7 and k, = 0.1,1.0,10.0 in each subfigure.
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FIG.7. Experimental bounds on (a) |U,|*, (b)|U,|?, and (¢) |U,U,,| in one-generation and two-generation scenarios. For the later case,

we choose k,, = k,, = 1, k, = 10.0 and x, = 0.1.

kefe(m4) + kﬂfﬂ(m4) + kaT(m4)

= ) & falma) + Fi(ma)

(16)

One can see that generally £ will depend both on &, and the
neutrino mass. Correspondingly, R,; will also depend on
such parameters. As an example, in Fig. 5 we present the
dependence of R,; on k and k, with xq = 0.1 and Ap = #.
We can see that R,; will reach its maximum when both &
and k, are around one. From Eq. (16) we get k > f k,/
> s fe. Only the ranges above the straight line (with a
specific value of my) in Fig. 5 are allowed.

The dependence of R,; on my are presented in Fig. 6,
where specific values of the parameters are assumed. One
notices that R,; strongly depends on the sterile neutrino
mass when the later is less than 1 GeV (except the k, =
k, =k, =1 case). When my is larger than 1 GeV, the
curves become smooth. The reason for this is that f,(my),
fu(my), and f.(m,) have a similar dependence on m, [see
Fig. 1(a)], and R, 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.

TABLE 1. Experimental results of the LNV processes of K
and D' mesons [36].

Decay channel Braching ratio Decay channel Braching ratio

Kt s efetn <64x10710 D - efetz™ <1.1x107°
Kt = pututn <86x107"" Dt = ytuta~ <22x1078
Kt = etutn <50x107'% DT = efuta~ <2.0x107°
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There are two things that should be mentioned for the
K" — eTutz~ process. First, the Iy function for this
channel has the following form:

Iy(ke. k,. k. xo, Agp)
k,k dr\JEK
=z 1+=4£) + 3 - 3
k (k+1)* 4 4x;

x [(k 4 1) cos Ap — 2x sin Ag), (17)

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 (m, + m,, mg —m,), both
diagrams contribute to the decay rates, while for other mass
ranges, only one of the diagrams will contribute.

|

_ Iy(ke? k, X0, _A(p) - IY(kev k, X0, Ag”) _

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*ezT. The CP asymmetry of
such decay channels is defined as

[(K-—>een")—T(Kt > efetn)

Acp = .
LUK s eeat)+T(KN > eteltn)

(18)

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 Ag to get
'K~ — e e n") from ['(K* — eTen™). From Eq. (9)
and Eq. (10), we get

8kxq sin Ag (19)

P T y(k,, k, xo, —Ap) + Iy(ke, k, x0, Ap) (ko + k/k)[(k+ 1)% + 4x2] + 4k(k + 1) cos Ag”

As k generally depends on ks, k., k., and the my, the CP asymmetry will also depend on these parameters.
For the decay processes K* — e*u*zT, the function Iy will also depend on k, both directly and indirectly (through ). In

this case, the CP asymmetry can be written as

Iy(k,, k

e ks k. X0, —Agp) — Iy (k. Ky k. X0, Ag)

Acp

8kx sin Ag (20)

" Iy(ky ko kX, —Ag) + Iy (ko kypo kX0, AQ)  (y/Reky + K/ Rk ) [k + 1)% + 4x2] + 4k(k + 1) cos Agp”

where Ap = (¢o5 — ¢os) + (¢us — ¢p4). One can see that Eq. (19) can be achieved from Eq. (18) by replacing k, by +/k.k,,.

2

Ao

FIG. 8.

(b)

(a) Acp as a function of x, and Ag with k = 1; (b) the region around the maximum.
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2 . . . o .
10 As a first step, we consider the simple situation. That is,

|Uyz4| and |Uys| are flavor universal, from which we get
k = k, and k,, = k., = 1. Then Eq. (19) can be simplified
101 as

8kxg sin Ag
(k+ 1)[(k+1)? +4x3 + 4k cos Ag]

Acp = (21)

One notices that this result is independent of the initial
meson and the sterile neutrino mass. From Eq. (21) we can
see Acp(m + Ap) = —Acp(r — Ag), so we will only focus
on the region Ag € (0,7). In Fig. 8, we present the
numerical results of Acp changing with A¢ and x.
Here we have chosen k =1 for simplicity. One can see

101

10-2¢! ‘ ‘ ‘ ] Acp has maximum when xy — 0 and Agp — .
1072 107 1 10 102 It is interesting to find the maximum of Ap. To that end,
ke we define o = 7 — Ag, and from the discussion above we
. know the maximum can be achieved only when « is small.
FIG. 9. The extremum of Ap as a function of k, and k. Then we get
107 1.0
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FIG. 10. The mass dependency of the extremum value of CP asymmetry in several choices of parameters, where k, = 0.99,
ke =k, =1.
ue Te
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X Sina
Acplk=1,xp,Ap=n—0a) = 5
cr Yo, Ap =z —a) xg+ 1 —cosa

o Xoa p
T 422 1245

(22)

where f/ = x,/a. One can see that in this special case, the
CP asymmetry only depends on the ratio of x, and a,
namely, . The maximum of Acp is v/2/2, which can be
achieved when g = v/2/2.

Next we consider the case with a relaxed condition, that
is k,, = k;, = 1, butleave k,, k,, and k, as free parameters.
Acp will generally depend both on k; and m,. We want to
find its extremum value under such conditions. To that end,
we take the partial derivatives of A.p with respect to x;, and
Ag, and set these derivatives to zero,

0 0
8_XOACP = 0, wAcp =0. (23)

By solving these equations we get the extreme point,

4 |oxre = \/ (ke + 1)* = 162,
43| oy — (ko +1)2
COos A§0|extre = Qo Ik . (24)

Submitting them into Eq. (19), we obtain

8kX3 | exire \/ —2Ke COS Ay
ACPex‘re(ke»k) _ O‘C tre |e tre

B 4x%|extre(k2 +2k + kg) + (k + 1)(k - ke)2 '
(25)

Here we have expressed the extremum of Aqp as the
function of k, and k. If we take k = k, first, and then let k
approach to one, we get Acp, = v/2/2, which is the
result in the former case. In Fig. 9, the numerical results are

presented. We can see that Acp_ _is suppressed when k, 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 > f,k,/ > , f¢. In general, k depends on my
[see Eq. (2)], and so does .Acpem, which is shown in
Fig. 10. One can see that the parameters k; can greatly
affect the results. We should point out that although our
discussion about A.p is for LNV processes, these results
also apply to the lepton-flavor-violating processes with a
redefinition of Ag.

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 ly, which depends on k,, k, x,
and Ag. 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 =1, x, — 0, and
A@ — =, 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 Aqp, as a
function of k, and k, reaches its maximum value v/2/2
when we take k =k, = 1. Indirectly through k, the
sterile neutrino mass can greatly affect the extremum
value of Acp.
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