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We study the CP violation in the lepton-number-violating process BY — Dyu*utz~ and its CP-

conjugate process B_? — Dfp~p " that are induced by two GeV-scale Majorana neutrinos with nearly-
degenerate masses. Our result shows that the size of the CP violation could become considerable if
the mass difference between the two Majorana neutrinos is around the decay width of the neutrinos. We
perform experimental analysis on the CP-violating processes at LHCb within its upgrade II. The analysis
shows that under current constraint on the heavy-light neutrino mixing parameter, it is possible that such
CP violation is observed with the LHCb experimental ability. We also give the upper bound on the heavy-
light mixing parameter |U ”N|2 under the assumption that no positive signal of the process is observed. The

result shows that such modes can give complementary constraint compared with previous experiments such
as NuTeV, BEBC, etc., in the mass region 1 GeV < my < 3 GeV.
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I. INTRODUCTION

The neutrino oscillation experiments have confirmed
that at least two of the three generations of neutrinos have
nonzero masses [1,2]. The relation between the flavor
eigenstates and mass eigenstates of three generations of
neutrinos is described by the Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) matrix. Thus, two questions about the
nature of the neutrino arise. The first is the origin of the
neutrino mass. As a well-known approach for the gener-
ation of neutrino mass, the seesaw mechanism offers a
natural explanation for the tininess of the neutrino mass, for
which the introduction of one or more generations of heavy
Majorana neutrinos is necessary [3—6]. Studies on the
cosmological effect of the heavy neutrinos have shown
that these heavy neutrinos can generate the observed
baryon asymmetry of the Universe through leptogenesis
[7], and such heavy neutrinos can also serve as natural
candidates for dark matter [8—11].

Another question is whether a neutrino is a Majorana
particle, i.e., its antiparticle is identical to itself, or not.
If the neutrino is a Dirac particle, then the lepton number
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is conserved (AL = 0). While if it is a Majorana particle,
then the conservation of the lepton number can be violated
by 2 units (AL = 2). Thus, the most important approach to
establish the Majorana nature of the neutrino is to search for
the lepton-number-violating (LNV) processes. Up to now,
the neutrinoless double beta (Ouvff) decay is the most
explored LNV channel [12-14]. Another way is to look for
LNV processes that are induced by a Majorana neutrino
in the hardron or 7 lepton decays. In the literature, the
LNV processes in the decays of mesons (K, D, Dy, B, B,.)
[15-33], baryons (X7, E7, A;,) [34-38], and 7 lepton
[21,39-41] were extensively investigated. If the mass of
the hypothetical Majorana neutrino lies in the range from
hundreds of keV to several GeV, the decay widths of the
corresponding LNV hadron/z decays can be resonantly
enhanced due to the on shellness of the intermediate
Majorana neutrino. Thus, it is possible for these LNV
decays to be observed by current or future hardron collider
experiments. On the other hand, the nonobservation of
these LNV hadron or 7 decays can set strong constraints
on the heavy-light neutrino mixing parameters in the
resonant range.

The neutrino oscillation experiments also showed that
the 63 angle in the PMNS matrix has a nonzero value
[42-44]; thus, the CP violation in the neutrino sector is
still possible. Moreover, the introduction of one or more
generations of heavy neutrinos brings in more CP-violating
phases in the extended PMNS matrix, which describes the
mixing between the flavor eigenstates and mass eigenstates
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of three normal neutrinos as well as the hypothetical sterile
ones. Suppose there only exists one generation of sterile
neutrino, the CP-violating phases cause no observable
effect in the sterile-neutrino-induced LNV processes.
However, if there exist two generations of GeV-scale sterile
neutrinos that have nearly-degenerate masses, the CP-
violating phases in the extended-PMNS matrix could cause
observable CP violation in the sterile-neutrino-induced
LNV meson decay. The idea was first pointed out in
Ref. [45]. The CP violation in such Majorana-neutrino-
induced LNV processes arises through two different
mechanisms. The first is the interference between the
amplitudes contributed by the two generations of sterile
neutrinos. The second is the neutrino oscillation during the
propagation of the two on shell sterile neutrinos, which was
first investigated in Ref. [46] in LNV B meson decays.
CP-violating LNV processes induced by similar mecha-
nisms in the decays of other mesons [46—51] and 7 leptons
[52,53] as well as W boson [54] were also studied in detail
in the literature. Besides, the existence of two nearly-
degenerate Majorana neutrinos together with the CP-
violating phases can lead to a significant difference
between the decay widths of the LNV meson decays
and those of the lepton-number-conserving ones [55,56],
which is contrary to the common hypothesis. A remarkable
conclusion about the CP violation in LNV meson decays
due to intermediate sterile neutrino interference is that
the relative size of the CP violation is independent of the
neutrino mass, while the parameter Amy /Ty remains
unchanged, where Amy is the masses difference and I'y
the decay width of the neutrino. It is still unclear whether
the conclusion holds true for four-body decays. Thus, in
this paper, we would apply the mechanism to four-body
decays of B, mesons, of which the Feynman diagram is
shown in Fig. 1. To our knowledge, no previous studies

FIG. 1. BY = Dyututz~ and

Feynman diagrams for
BO S Dtuurnt
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have explored the Majorana-neutrino-induced LNV decays
of B, meson except Ref. [29]. Neither has any experimental
research about the process been done. The mass difference
between B, and D, reaches 3.4 GeV, which may extend the
constraining mass region provided by previous channels
such as three-body D and B meson decays. On the other
hand, the branching fraction of B; — D,lv in B, decay
reaches 8.1%, which means the branching fraction of the
related LNV processes may be considerable since the latter
is proportional to the former in case my equals zero.

The motivation for the existence of two heavy neutrinos
with nearly-degenerate masses comes from the vMSM
model [10,57], which proposes the existence of two
generations of Majorana neutrinos with almost degenerate
masses between 100 MeV and a few GeV as well as a light
Majorana neutrino of mass ~10 keV. The vMSM allows
one to explain simultaneously neutrino oscillations, dark
matter, and baryon asymmetry of the Universe [57].

In this work, we study the CP violation between the
Majorana-neutrino-mediated LNV process B — Dyt~
and its CP-conjugate process BY — Dfu~pu~n". These
processes are induced by two Majorana neutrinos that have
nearly degenerate but not equal masses. We focus on the
neutrino mass region between 0.5 and 3.5 GeV where
the resonant enhancement appears. We deal with the CP
violation that arises from the interference between the
amplitudes contributed by the two Majorana neutrinos.
Moreover, we investigate the possibility of the detection
of CP asymmetries in such decays during the LHCb
upgrade II [58].

The structure of this paper is as follows. In Sec. II, we
introduce the formalism we used for calculation and give
the expression for the size of CP violation. In Sec. III,
we perform an experimental analysis on the processes
under the experimental ability of LHCb during its
upgrade II and give the upper bounds on |U”N|2 under
the assumption that such modes were not observed in
experiments. Section IV gives the summary and the
conclusion of our work.

II. FORMALISM

A. Decay widths for the two processes

We define the light neutrino flavor eigenstates as

vy =

3
Upvi+UpnNi+ Up,Ns. (1)

i=1

Here, v; (i=1,2,3) and N; (j =1, 2) represent the
mass eigenstates of a light neutrino and heavy neutrino,
respectively. U IN, (j =1, 2) is the heavy-light neutrino
mixing elements of the extended PMNS matrix (between /
lepton and the jth heavy neutrino). We parametrize
U, as
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U, = U, e i, (2)

Here, ¢y, is the CP-odd phase angle. We also require that
the masses of N; and N, satisfy that

m, +m; <my < mp —mp —m,,
m;t + my < mN2 < ’nB_y - mDS - m;u (3)

so that the intermediate neutrinos are nearly on shell,
and thus, the resonant enhancement appears. Another
|

2

assumption we make is that the masses of the two neutrinos
are nearly degenerate (suppose my, < my,),

AmN = mN2 - le < mN[ (l = 1,2) (4)

The Feynman diagrams for the two processes are shown

in Fig. 1.! We denote the amplitude of B — Dyu*u*n~

as M™ and that of its CP-conjugate process as M~. The

amplitudes can be written explicitly from the Feynman
diagram,

iIMY =GRV Viafe D Uidomu, Py, it(ua) Per(1 = 75)o(ur ) (D5 e(0)7#b(0) | BY),

i=1

2
IM™ = G%‘Vcbvudfn Z U,%N,.mNiPNiﬁ(ﬂz)ﬂnYu(l + 75)”(#1)<D§r|5(0)7”5(0)|gg>- (5)

i=1

Here, G = 1.1664 x 107> GeV~2 is the Fermi coupling
constant, and f, = 0.1304 GeV is the pion decay constant
[60]. V., and V,; are the charm-bottom and upper-
down Cabibbo-Kobayashi-Maskawa (CKM) matrix
element. In this work, we take that |V 4| =0.974 and
|Vep| = 4.012 x 1072 [60]. my, is the mass of the ith heavy
neutrino. &(u,) and v(u, ) are the spinors of the two muons.
The propagator Py, is defined as

1
" (pp, = Pp, = Pu)* —my, +iTyMy,

Also, (D5 |e(0)y,b(0)]BY) = (D}]2(0)7,5(0)[BY) is the
B, — D, transition matrix element that can be parametrized
as [61]

(D5 [c(0)y,b(0)|BY)

2 2
mp —mp
= fo(t1) btl -q"
2 2
mp — mp
+fi(t) | P, +Pp, ——— ll ~q"|,  (7)

[
where ¢ = pl — p, is the transferred momentum, and

t; = ¢°. In this work, we use the numerical result of the
form factors f((#;) and f,(z;) from Ref. [61] which is
calculated by lattice QCD. Equation (5) shows that two
CP-odd factors appear in the amplitudes that are nontrivial.
The first is the CP-odd phases of the heavy-light mixing
parameter U,y , and the second comes from the weak
interaction vertex y#(1 — ys). In case there exists only one
generation of heavy neutrino, such a CP-odd term would
not result in a CP violation in the observable quantity
since after being squared the difference between the two
amplitudes vanishes. While in case there are more than
one generation of heavy neutrino, a CP violation would
arise in the decay width. For simplicity, we write the
amplitudes as

M+ = UZIZVIMIL + UZIZV2M+’
M= =Upy My + Upy M5, (8)

Here, M;" represents the canonical amplitude contributed
by the ith heavy neutrino,

M = GEViViafemy Py it(u2) Py, (1 = ys)v(uy ) (D5 |c(0)y*b(0)|BY).
M; = GEV b Vuaf wmn P, i(i2) Py, (1 +75)v(uy ) (D5 |c(0)y*b(0)|BY). )

"There exists a “crossed” diagram where y; and y, are exchanged. Since when the lifetime of the intermediate heavy neutrino is long
enough, the two leptons appear at displaced vertices, and the corresponding processes of “direct” channel and “cross” channel can be
distinguished from each other [59]. Thus, there is no interference between them, and the corresponding decay width can be added
directly. This brings in a factor 2 in the final result, which cancels out with the factor 1/2! due to the indistinguishability between the two
muons.
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It is straightforward to prove that
MM = My M5, (10)
We then define the squared amplitude matrix M as

M;; = MEMT* = M7 M5, (11)
|

The explicit form of M is shown in the Appendix B. From
Eq. (B3) in Appendix B, we can verify that

M12:M31' (12)

Then, the decay width for the two processes can be
written as

D= [ 404 |Uyn, ¥+ (U, P02 + U, Ul Mo + Ul U Mo

I~ = /dq)4[UﬂN] "My + U, |*M s + Uizvl U;%JZMU + Uf,;zvl UﬁNzMﬂ]’ (13)

where d®, is the four-body phase space

1 1 dpp, d&p, &p,

dd, =
¢ 2mp_(27)% (2Ep ) (2E,) (2E,)
&p,,
X QL] 8*(pp, — Pp, = Py, — Ppy — Px).  (14)

The explicit form of d®, and the reference frame we use to
define the kinematic variables for numerical calculation are
given in Appendix A. Note that the factors |Py |? appears in
Eq. (B3), which can be approximated as

1 2
|PN-|2 = 2 2 .
' py —my, + il'ymy,
b .
sziFNié(p]z\,—mlz\,’_) (i=1,2), (15)

when it is satisfied that I'y <my (i =1, 2). Thus
with the narrow width approximation, f d®,M;;, can be
simplified as

F(N: = o)

I, (16)

/ch4Mii =TI(B; = Dy N))

i

Here, I'(B;, — D,uN;) and T'(N; — u,7) are the canonical
decay widths for the subprocesses B, — D u;N; and
N; = u,m, respectively,

[(B; = Dy N;)
|U;tN, |2

_ [(N; = por)
L(N; = pyr) :|U7N|22
HIV;

f<Bs - DsﬂlNi) =

(17)

The last part that is yet unknown is the decay width
for the heavy neutrinos I'y . In the literature, I'y, can be
calculated by summing up all possible decaying channels
of the Majorana neutrino, which is explained in

[

Appendix D. From Eq. (D1) as well as the nearly-
degenerate condition my ~ my,, we can simplify the ratio
between 'y, and 'y, as

Uy, |Uen,lPac(my,)+|Uu, Pa,(my,) + Uy, [a(my,)
Oy, |Uey, Pac(my,) + U, Pa,(my,) + Uy, Fa.(my,)

(18)

where the meaning of the factors a;,(I =e,pu,7) is
explained in Appendix D. The equation will be used in
the analytical analysis in the next subsection. However,
here we emphasize that we treat the lifetime of the sterile
neutrino 7y = 7/Ty as a free parameter that can be
measured by LHCb experiments in our experimental
analysis. In Sec. III, we explain in detail our treatment
and justify that the treatment is consistent with the result in
Appendix D.

El

B. CP violation
In the following part, we define that

S-
Acp:Sjy (19)

to measure the size of the CP violation, where ST are
defined as

St =T+ 4T (20)

Then, following Eqgs. (13) and (2), we have

S~ = 4| Uy, | U, 2 sin (2. — 2hun,) / dD,ImM .
(21)
Here, ImM, represents the imaginary part of Mi,. As

shown by Appendix B, the imaginary part of M, is
proportional to the imaginary part of Py Py ,
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ImPy Py, =

mNerz(ple - mN]) —my, Iy, (Pzzv - mNz)

2 2

The physics meaning of Eq. (21) includes two parts. First,
the appearance of the factor sin(2¢,y, —2¢,y,) implies
that the physics origin of the CP violation is the difference
between the CP-odd phases of mixing parameters between
the two heavy neutrinos with the common ones. We define
the CP-odd phase difference 9, as

1912 = 2(¢;4N1 - ¢ﬂN2)’ (23)
|

The sum ST can be written as

[(pxy = my, )* + (my, Ty, )?l[(pR — my,)* + (my, Ty, )?]

(22)

which is the key parameter in deciding on the size of the CP
violation. Second, the CP violation of the processes in
consideration arises as a result of the interference of the
contributions of the two generations of Majorana neutrinos,
which is shown explicitly by the factor ImPy Py, . In case
that my, = my,, ImPy P} vanishes and so does the
CP-violating term S~.

St = 2/d¢4[|UﬂN1 M1y + U, | * Mo + 2|U iy, 1P| U v, |"ReM 5 cos 945], (24)

where ReM |, represents the real part of M, of which the corresponding key factor is the real part of Py, Py ,

RePNIP}sz -

(Px — m%vl)(l?zzv - m,z\,z) +my my, Uy Ty,

Note that Egs. (16) and (17) show that Ty, X
Jd®yM,,(Ty, x [ d®,4Mpy,) is only the function of the
heavy neutrino mass my, (my, ), and the two functions are

of the same form. Considering the nearly-degenerate
situation my, ~ my,, we have

JaPMy Ty,

E N . 26
fd<D4M11 [y, (26)

Then, the relative size of the CP violation Aqp can be
written in the following simple form:

2511(' sin 1912

Acp = o . (27)
1+« Ty + 2k cos 94,
Here, we define that
fd(I)4ReM12 fd(I)4ImM12
SR="F s O =", (28)
fd(D4M11 qu)4M11

to measure the relative size of the interference term of the
two heavy neutrinos. The parameter « is defined as

Uy, |*
uN,

In order to make a more detailed analysis of this result,
we make another assumption about the properties of the

(PR — my,)? + (my, Ty )2[(pR = m3,)* + (my, Dy, )]

(25)

heavy neutrinos that the two Majorana neutrinos have
approximately the same mixing parameters with the three
generations of normal neutrinos, namely,

U,
U,

~1 (I=e,u,1). (30)

Thus, the right-hand side of Eq. (18) simply gives one. The
size of the CP violation Acp can be further simplified as

51 sin 1912

Ace = 1+ 6gcosdy,’

(31)

The final result Eq. (31) is only the function of my, , my,,
and the angle 9,,, or equivalently, my, , Amy, and 9,.
A natural way to measure the size of Amy is to compare it
with the decay width of the heavy neutrino I'y; thus, we
define that

_ Amy (32)
Iy

Note that 6; and 6 rely both on the values of my, and y.

However, numerical result shows that in the mass region

under consideration, namely, 0.5 GeV < my, < 3.5 GeV,

the variation of §; and O due to different choices of

my 1s very small (less than 1%). In Fig. 2, we present the
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my, = 1GeV/2 GeV my, = 2 GeV /3 GeV

— &, my, = 1GeV — 6, my, = 2 GeV
6, My, = 2 GeV

&g, my, = 1 GeV
1.0 1.0

0.0 T 0.0 T
107t 10° 10! 107t 10° 10!

y y

FIG.2. The parameters §; and & as a function of y for different values of m, . Note that since the deviation of 5, /5 between different
choices of my, is very small (detailed numerical result shows that the difference is less than 1%), to distinguish them we use different
styles of plot, i.e., line plot and scatter point plot, to represent the results for different choices of my, .

numerical results of §; and dy as a function of y under the 1 " _
condition that my equals 1, 2, and 3 GeV. In conclusion, Bra = ﬁ (I +17). (34)
o; and 6y can be considered as nearly independent of the
choice of my in the mass region 0.5 GeV <my, < Here, I'p = 4.362 x 10713 GeV is the total decay width of
3.5 GeV. Thus, the size of the CP violation Acp is also B meson [60].
independent of my, . The relative size of Acp reaches its o
maximum when y is around 1. The above conclusions are ' — op=np2
all in accordance with the three-body case studied in
Refs. [45,46]. Note that the conclusion does not hold
true when the mass interval is larger than several tens of
GeV. Reference [54] studies CP violation of a similar
mechanism in W boson decays, and it shows that under
the condition that my, equals 5, 10, 20, and 60 GeV, Acp 041
shows considerable differences. Another significant
difference is that in our result Acp reaches maximum
when y is around 1, while in Ref. [54] y is between 0.3
and 0.5. See Ref. [54] for details. In Fig. 3, we give the
numerical result of A¢p as a function of y under different
choices of 9.

Finally, the decay width for the process BY — Dy u*utn~
and its CP-conjugate process can be written in the more
compact form,

K

0.5 1

Acp

0.2

0.11

I==2|Uy, |4[1+6Rcos1912i&,sin&lz]/d¢4MU. (33) 0.0

We define the averaged branching ratio Br,,, for exper-  FIG.3. The size of the CP violation Acp as a function of y for
imental analysis in the next section, different choices of 9,.
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III. EXPERIMENTAL ANALYSIS

In this part, we evaluate the possibility that such CP
violation is observed by LHCD in its upgrade II [58]. In the
experiment, the most important quantity is the absolute size
of the averaged branching ratio Br,,,. In this section, we do
not distinguish the two sterile neutrinos due to the degen-
eracy and use N to represent both of them.

The expected number of BY mesons produced on LHCb
can be estimated as

Ng = L X oy x f(b - BY), (35)

where £ ~ 200 fb~! is the expected integrated luminosity
of LHCb until 2035 [58], 6,5 =~ 144 ub the bb cross section
within the LHCb covered 5 range (2 <n <J5) [62],
and f(b — BY) ~ 4.4% the hardronization factor of b quark
to B, which is estimated from Ref. [63].2 The final result
is Ng ~ 1.9 x 10"

In order to get the expected sensitivity of LHCb on the
processes in consideration, we also need to know the
detection efficiency of the LHCb detector ¢(B; — D uurn),
which contains the contribution from geometrical accep-
tance, trigger and selection requirements, and particle
identification [64]. A systematic evaluation of the detec-
tion efficiency requires a Monte Carlo simulation under a
LHCb configuration as well as considering final state
radiation generation and interaction of the produced
particles with the detector and its response [64]. Here,
however, we use an indirect approach to give an approxi-
mation to the detection efficiency, whose accuracy is
enough for our calculation. Reference [65] shows that
the simulated detection efficiency of the process BY —
G(KTK )utu~ is 1.1%. The main difference between
BY - ¢(K*K )utu~ and BY — Dz~ u*u" comes from
the replacement of K~ with D;.3 D, isreconstructed by the
golden mode D, — KK, which requires two additional
charged tracks and thus would reduce the detection
efficiency. From Ref. [66], we know that the ratio between
the detection efficiency of BY — K~u*vand BY - Dyutv
is around 0.733 (averaged over the full g2 range). Thus, we
estimate the detection efficiency of B, — Dzuu to be
1.1% x 0.733 = 0.81%. We note that the accuracy of this
approximation is enough for magnitude estimation.

Another factor we need to consider is the efficiency
loss due to the flight of the long-lived particle, i.e., the

’Reference [63] shows that the ratio between the production
fraction of A, hadrons and the sum of the fraction of B~ and B is
around 0.259 (averaged between 4 GeV < pr <25 GeV and
2 < 5 < 5), while that between BY and the sum of B~ and B° is
0.122. Since B*, B°/B°, BY/BY, and AY/A) make the majority
of bb products, the fraction f(bb — A,) is estimated as
0.122/(1 4 0.259 + 0.122) x 0.5 ~ 0.044.

The difference between the detection of K and 7 as well as
between pt and u~ is very small and can be overlooked here.

intermediate sterile neutrinos N, in the detector. The sterile
neutrinos are produced nearly on shell and would travel for
a certain distance before decaying into its aftermath [59].
We include this effect by adding another factor Py to the
total detection efficiency, which relies on the lifetime of the
sterile neutrino 7 as

Py =1—exp(~Lp/Ly), (36)
where Lp ~ 1 m is the length of the detector, and

Ly = ctyynPn (37)

is the decay length of the sterile neutrino [59]. Here, ¢
represents the light speed, and yyfy is the Lorentz time
dilation factor of N. To our knowledge, the choice of yy/fy
between 1 and 10 is common in the literature such as
Refs. [25,59] based on the realistic condition of collider
experiments. In this study, we take that y 3y equals 4 instead
of doing detailed calculation of yyfy since the former is
enough for magnitude estimation. For 7 = 1000 ps, the
factor Py is about 56%, while for 7y < 100 ps Py is very
close to 1, and the effect is almost negligible.

Following the practice in experimental research of sterile
neutrinos such as Refs. [67,68], we take 7, as a free
parameter that can be measured by LHCb experiment to
avoid more complication, instead of calculating 7, through
7y = h/Ty. We assume that the sterile neutrino lifetime
7y = [100, 1000] ps, which is within the acceptance of
LHCb. Here, we justify that this assumption is consistent
with Eq. (D1) under a certain choice of the size of |U y|*. It
can be read from Ref. [69] that around 1 GeV the currently
known upper bound on |U,y|? is between 10~7 and 1078,
and the upper bound on |U,y|? is between 10~* and 107,
while that on |U,y|* is between 107> and 1072, The
possible region that the corresponding lifetime of the sterile
neutrino can lie in is drawn in Fig. 4. The plot shows that
within the mass range [1 GeV, 4 GeV], the choice that
7y = [100, 1000] ps is acceptable.

In Table I, we present the expected number of events
for certain choices of related parameters, based on the
experimental ability discussed above. We use N, /N _ to
represent the event numbers of B® — Dyututn=/B? —
Dy~ z". The expected number of events at LHCb
upgrade II is estimated as

l—‘j:
N. = Np xe(B; = Dupum) x Py X o (38)
By

For |U,y|* =107, several hundreds of events can be
expected, and there is significant difference between N
and N_. For |U,y[* = 1075, event numbers decrease to a
few, and the observable CP violation is not that significant.
However, it should be noted that our result is based on a
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103

107 4 AN

v (ps)

2
my (GeV)

FIG. 4. The shaded region represents the possible region of the
lifetime of the sterile neutrino N. The black line represents the
case when |U,y|* = 1077, |U,n[* = 107%, |Uy|* = 1072, and
the blue line represents the case when |U,y|*> =1078,
U = 1075, U2 = 1075,

relatively conservative estimation on the experimental
ability of LHCb since we use the detection efficiency of
previous LHCb experiments. During the upgrade 11, certain
detection ability of LHCb detectors will be improved [58],
and it is possible that more events can be observed.

On the other hand, suppose that such modes were not
observed on the LHCb upgrade II, we can constrain the
upper bound on the heavy-light mixing parameter |U ”N\Z
by requiring the total number of events to be lower
than some threshold. Reference [74] shows that the
experimental sensitivity on |U,y|* at 95% confidence level
(C.L.) under a background-free environment is obtained for
N events = 3.09. Thus, the upper bound on |U,y[* at
95% C.L. is obtained by requiring that

Ng x €(B; = Duum) x Py x Bry, = 3.09. (39)

TABLEL Expected event numbers for BY — Dy u*utn™ (N})
and BY — D u~p~n" (V) under the assumption that |U,y/|*

equals 107* and 107>. The relative parameters are chosen as
follows: my =2 GeV, y =1, 9;, = n/4.

7y = 1000 ps 7y = 100 ps
N, N_ N, N_
|U,,N|2 =10 665 390 119 70
|U”N|2 =107 7 4 1 0

1072

Bellex,
.

10734

10744

o Delphi
= 10*5
s !
\
!
1076 ‘1‘ N
A
vET
w7]
NuTev Ty =1000 ps
Ty =100 ps
108
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
my (GeV)
FIG. 5. The upper bound on the heavy-light mixing parameter

U ”N|2 under the assumption that no positive signal about the

processes is observed BY — Dyu*utz~ on LHCb. The shaded
regions represent the excluded region given by previous
experiments including NuTeV [70], BEBC [71], Belle [72],
and Delphi [73].

The numerical result of Eq. (39) is shown in Fig. 5. For
comparison, we also include currently known upper bounds
on |U,y|* given by other experiments including NuTeV
[70], BEBC [71], Belle [72], and Delphi [73] in the plot.
The plot shows that during the mass region [1 GeV, 3 GeV],
the channel gives a comparable or even stronger constraint
on the size of |U,,y|*. Specifically, for my equals 2 GeV, the
constraint on |U,y|* goes as low as 6 x 107°.

IV. SUMMARY AND CONCLUSIONS

In this paper, we study the lepton-number-violating
(LNV) process B — D;u"pu*n~ and its CP-conjugate
process B — Dfu~u~n™" that are induced by two nearly-
degenerate Majorana neutrinos and explore the possibility
for searching for the CP violation in such processes. We
point out that the physics origin of the CP violation is 9,,
which is defined as the difference between the CP-odd
phases of mixing parameters between two generations of
heavy neutrinos with the normal ones. The CP violation
becomes considerable when the masses of the two gen-
erations of heavy neutrinos are nearly degenerate but have a
nonzero difference Amy. The numerical result draws the
following conclusion. First, the relative size of the CP
violation Acp is only the function of the mass difference
Ampy and 8y,, and Acp is nearly independent of the
absolute mass of the lighter heavy neutrino in the mass
region we considered. Second, A.p reaches its maximum
when Amy is around the size of the decay width of the
intermediate sterile neutrino, and the maximum value
depends on the CP-odd phase difference 9;,. It should
be noted that the above conclusion is drawn under the
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assumption that the two Majorana neutrinos have
approximately the same mixing parameters with the three
normal neutrinos.

We also analyze the possibility that such CP violation is
observed by LHCb during its upgrade II. It is shown that
under a current constraint on the heavy-light neutrino
mixing parameter, namely, 10™* < |U,y|* <107, it is
possible that such a CP violation can be observed with
the LHCb experimental ability. We also give the upper
bound on the heavy-light mixing parameter under the
assumption that no positive signal of the processes is
observed. The result shows that such modes can give a
complementary constraint on the heavy-light mixing
parameter compared with previous experiments including
NuTeV, BEBC, Belle, and Delphi in the mass region
1 GeV < my < 3 GeV. Thus, we note that it is worthwhile
searching for such modes on LHCD due to the possibility of
both observing new types of CP violation in B, meson
decays and setting complementary constraints on |U ﬂN|2.
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APPENDIX A: THE FOUR-BODY
PHASE SPACE d®,

The four-body phase space d®, is

1 1

=———d,, Al
4 2me (277:)8 4 ( )
where the factor d, is defined as
di — d3PD\. &’p, &p, &p,
Y (2Ep,) (2E)) (2E,) (2E,)
X 8*(pp, — Pp, = Py — Puo — P)-  (A2)
Remember the fact that
4
Ve
PDb4
Py
Py o
X

Y

d3PN
(2Ey)

—my);

= d4PN5+ (P/zv (A3)

then, it is straightforward to prove that d;, can be
factorized as

dy = d3(By = DyuN)dr(N = pom)dpy.  (A4)
Here, ds(B; — D,u;N) is the corresponding factor in the
three-body phase space for the subprocess B, — DN,
and d,(N — p,r) is that for N — u,n. py is the four-
momenta of the intermediate sterile neutrino. In the
following, we set t, = p%. In the rest frame of y; — N,
d;(Bg = Dyu;N) can be simplified as

1 1
dy(B; » D N) = AZ(m%S,m%S, 1) (ty, m2, m%)

1
64m%s

1
X t_dtldQIiIdQDs’ (AS)
1

where 1, = (py + py,)* = (ps, — pp,)’, and dQ} =
dcos@idgp, is the solid angle of u; in the p; — N rest
frame, while dQ;, = dcos6,¢, is that of Dy in the rest
frame of Bj. The function A(x, y, z) is the kinematic Kéllen
function, A(x,y,z) = x> +y* + 7% —2xy —2yz —2xz. In
the rest frame of N, d,(N — pox) is written as

1
dr(N = o) = 8—t2/1%(l‘2, m2, m2)dQ,, . (A6)

where dQ, = dcos03dgs is the solid angle of y, in the
rest frame of N. As is shown in the next part, the square of
the amplitude |M|? is independent of ¢, and Qp, ; thus,
they can be integrated and give a factor 87%. As a result, the
four-body phase space d, is
n? 1, o 2 1 2 2\ 2 2
dy = 6ant? 2(my  mp )22 (ty, my, my )2 (ty, my, myz)
1
X ﬁdtldIQdcoseldCOSGZSd(p:;. (A7)
12
Z/
EN .
Du
pug
y
Pr P3 -
:L,/

FIG. 6. The reference frames we use and the definitions of the solid angles.
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Here, 1, and t, satisfy that (/5 +m,)* <t; <(mp_—mp )*
and 1, > (m, + m,)*. The definitions of 6y, ¢, 65, ¢ and
the reference frames we used are shown in Fig. 6.

APPENDIX B: EXPLICT FORM OF THE
SQUARED MATRIX M

For simplicity, we define in the following that
K =GiVeyVuafx (B1)
and
T = a(uo) Py, (1 F v5)v(u1)(D5 |c(0)r,b(0)|BY).

(B2)
|

T* contains all the spinor structures of the decaying
processes. It can be checked that |T+]> = |T~|> = |T|%
Then, the elements of the squared amplitude matrix M are
written as

Mij = |K|2mNimNjPN,»P}kV/-|T‘2‘ (B3)

Apart from PNI_Pj‘V/_, other factors in M;; are always real.

Thus, the real/imaginary part of M, is proportional to
the real/imaginary part of Py Py . The completed form
of |T|? is

[T = Coof5(t1) + Corfo(t1)f (1) + Crifir).  (B4)

Here, the coefficients are

Coo = o (mp, = mip ) {mzlty(py, - Pun) =2(a - Pu) (@ P +4(Pe - )@ Pe)(q - Puy) = 200(Pr - Py ) (P P}

16
Cor = — (m, =mp){(q- Pu) 2Pz ) (P~ ) = m(P - pu)l + (P py ) 2(Pa - P)(q - Pe) = miz(a- py)]}
Cii = 8{P*[mz (P, Puy) = 2(Pa* ) (P~ Pyiy)] = 2m3(P - P ) (P~ Piy) + 4P+ ) (P - o) (P D)} (BS)
where we define that
2 2
my —mp
P=pp +pp, ————"4 (B6)
1
Most inner products in Eq. (B5) can be written as functions of #, t,, 0, 63, @5 directly, namely,
1 1
Pp, 4= E(m%; —m%s 1), Pp, - Py, = Ep E;, — P P, | cos 0y, q: Py = E(Zl + m,% - h),
1
Pu, * Pr = E (12 - m/% - mrzr)’ Py, Pr = Eﬂ]Eﬂ + Ip,u1||p;42| cos 93’ Pu, " Pu, = EmEﬂz - Ipu1|[p;42| cos 93' (B7)

Here, we list the explicit forms for the energies and three-momenta that appear in the above terms (the superscript “x”

represents the value in the W* rest frame),

1 1 1
E*Dx - 2\/5 (m%}‘ - szl‘ - tl)y EZ] - ﬁ (t] + m/% - tz), Ip*D‘ - 2—\/5/’{%(”1%‘, m%).x’ tl)’
| 1 1
| = A(t,mi 1), E, = t—ml—t), E, = ty —m2 + m2),
Ip,u]| 2\/ﬁ 2( 1 m;l 2) Hi 2%( 1 mﬂ 2) Ha 2%( 2 m;l + mﬂ)
1 1 1 1 1
E, :m(tZ_mﬁ‘i_m;zz), [p,,1| :ﬁﬁ(ll,mﬁ,tz), Ipﬂz‘ :mﬁ(l‘g,mﬁ,m%),

1 . |
EN:—Z\/E(II + 1y = my), Pyl :ﬁﬂz(fhfz’mi)-

(B8)

Note that ¢ = p, + p,, + Pz 80 q - p,, and q - p, can also be written directly. In order to get pp, - p,, and pp - p,, we
need to do a Lorentz transformation from the W rest frame to the N rest frame on p , since only the four-momenta vector
of D, in the Wx rest frame can be written directly. We need to first rotate the z axis of ZW* to the direction of p,, , then boost
the four-momenta vector of pj, from the W* rest frame to the N rest from. In the W* rest frame where the z axis points to the
direction of p, , the four-momenta vector of Dy is

Pp, = (Ep,. Ipp, | sin6,. 0, |pp, [ cos 6).

s

(B9)
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The Lorentz boost from the W* rest frame to the N rest
frame is

YN 0 0 yylvul
0 1 0 0

Bow=1 4 o1 o | B0
ralvnl 00 YN

where yy and vy are the Lorentz factor and the speed of N
in the W* rest frame, respectively,

E* *
_Ev o 2l (B11)

& my EY

Here, E}; and |py| are given in Eq. (B8). As a result, pj, -
Py, and pp - p, are written as

P, Py, = YN(Ep, + [vwllpp [ cos 01)E,, — pp |Ip,, | sin 0 sin 05 cos o3 — yn(|pp | cos Oy + [vy|Ep, )|p,, | cos O3,
P, " Px = YN(Ep, + vnllPh | c0s 01)E, + [P |Ip,, | sin 0, sin 05 cos g3 + vy (lpp, [ cos 01 + [vy|E} )Ip,,|cos63.  (B12)

APPENDIX C: DECAY WIDTHS FOR B, — D N;
AND N; -

The Feynman diagram for By — Dyu;N; is shown in
Fig. 7. The amplitude for the process is

. G _

IM(BS = Ds/hNi) = 7%UﬂN1VCbu(pN[>yﬂ(l - 75)”(1’1)
x (D5 c(0)7b(0)|BY). (C1)

Integrating the amplitude over three-body phase space, we

have the decay width for B, - D,uN,,

F(B\ - Ds:ulNi)
G%V%b 1 tlHﬂX l 1
= — dt=22(m% . m% ,t
38473 myy Ji P (. mp 1)

x 22 (mgs, iy O)[f%(1)Ds (1) + f3(1) Do 1)

(€2)

where i, = (my. +m,)?,  tyx = (mp, —mp)?, and
coefficients D (¢) and D(¢) are
Dy(1) = [(t =mp,)* = 2mp (1 +mp ) + mi |

x [21* — tmlz\,l_ + mﬁ(2m%/,. —1)— mzzv,. - my),

Dy(1) = 3(mp —mi, )[tmy, + m;(2my + 1) —my — mj].

(C3)

FIG. 7. Feynman diagram for B; — DuN;.

As for the process N; — p,z, the decay width is well
known in the literature,

2

G
[(N; — um) :éwuﬂzwmv, 2 fzmy A2 (my mg,ms)

M AN Y
m2 m> m% )|
N, N, N,

APPENDIX D: TOTAL DECAY WIDTH OF THE
INTERMEDIATE MAJORANA NEUTRINO

Although I'y, can be calculated through the channel-by-
channel approach, which sums up the partial decay rates for
all the leptonic and semileptonic decay modes of N [22],
for neutrino mass larger than 1 GeV the uncertainties of the

— ae (mw)
14 —— ay (my)
— ar (mw)

124

101

1 2 3 4 5 6
my (GeV)

FIG. 8. Numerical values of a;(my).
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hadronic parameters such as the decay constants of the final
hadronic states are large. Since we are interested in the
mass range between 1 and 4 GeV, here we use the inclusive
approach introduced in Ref. [23], which approximates the
semileptonic decays of N by its decays into free quark-
antiquark pairs and leptons, and the approximation is better
than the channel-by-channel method for neutrino mass
more than 1 GeV [75]. We refer to Ref. [23] for details of
the calculation. Then, all the decay channels of N are three-

body decays, and the partial decay rates are proportional
to m3. Thus, the total decay width can be written as

2 05
Gpmy,
FN —

T 060 Z Uy |*a;(my;,).

I=e.u,t

(D1)

where a;(my.) are dimensionless functions of my , and the
numerical values of a,(my.) are presented in Fig. 8.
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