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In this work, we study the lepton flavor and lepton number violating B, meson decays via two intermediate

on-shell Majorana neutrinos N into two charged leptons and a charged pion Bf — u*N; — u*

taT.

We evaluated the possibility to measure the modulation of the decay width along the detector length produced
as a consequence of the lepton flavor violating process, in a scenario where the heavy neutrinos masses
range between 2.0 GeV < My < 6.0 GeV. We study some realistic conditions, which could lead to the
observation of this phenomenon at future B factories, such as the HL-LHCb.
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I. INTRODUCTION

The first indications of physics beyond the standard model
(SM) come from the baryonic asymmetry of the universe
(BAU), dark matter (DM), and neutrino oscillations (NOs).
In last decades NOs experiments have shown that active
neutrinos (v) are very light massive particles M, ~ 1 eV
[1,2] and, consequently, the SM is not a final theory and
must be extended. There are several SM extensions that
allow explaining the small active neutrino masses, however,
in this paper we pay attention to those based on the see-saw
mechanism (SSM) [3.,4]. The SSM introduces a new heavy
Majorana particle (singlet under SU(2), symmetry group),
commonly called heavy neutrino (HN), which by means of
inducing a dimension-five operator [5] leads to a very light
active Majorana neutrino. These newly introduced HNs have
a highly suppressed interaction with gauge bosons (Z, W¥)
and leptons (e, i, 7), making its detection a challenging task.
However, although this suppression, the existence of HNs
can be explored via rare meson decays [6-20], colliders
[21-39], and tau factories [40-43].

One of the most promising SM extensions based on the
SSM is the neutrino-minimal standard model (vMSM)
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[44,45], which introduces two almost degenerate HNs with
masses My; & My, ~1 GeV, and a third HN with mass
M 3 ~ keV, which is a natural candidate for DM. Apart to
explain the small active neutrino masses, the YMSM allows
to explain successfully the BAU by means of “leptogenesis
from HNSs oscillations,” also known as the Akhmedov-
Rubakov-Smirnov mechanism [46].

In a previous article [15], we have described the effects
of heavy neutrino oscillations (HNOs) in the so-called
rare lepton number violating (LNV) and lepton flavor
violating (LFV) pseudoscalar B meson decays, via two
almost degenerate heavy on-shell Majorana neutrinos
(My, ~ 1 GeV), which can oscillate among themselves.
The aim of this article is to develop a more realistic
analysis of the experimental conditions needed to detect
the aforementioned phenomenon. We will focus espe-
cially on the high luminosity LHCb (HL-LHCb), which
due to its excellent detector resolution [47,48] could
make possible the observation of the HNOs. Similar
studies have been performed for other experiments (see
Refs. [20,34,41,49]).

The work is arranged as follows: In Sec. II, we study the
production of the heavy neutrinos in B meson decays. In
Sec. III, we describe the simulations of the HN production.
In Sec. IV, we present the results and a discussion of it, and
in Sec. V we provide a brief summary of the article.

II. PRODUCTION OF THE RIGHT-HANDED
NEUTRINOS

As we stated above, we are interested in studying the
lepton flavor and lepton number violation processes

Published by the American Physical Society
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The M* pseudoscalar meson decays, intermediated by heavy neutrinos. Left panel: Feynman diagrams for the LFV and LNV

process M+ — ¢ ¢5 n~. Right panel: Feynman diagrams for the LFV and LNV process B~ — £7¢; . We remark that in this study,

we will consider M =B, M' =z, £, =p and £, = 7.

(Bf » u*N; —» p*t*z¥), which are characterized by the
following Feynman diagrams (Fig. 1). In this work we will
consider the scenario where the two heavy neutrino (N, and
N,) masses fall in the range of a few GeVs and are almost
degenerate (M, =~ My,). The mixing coefficient between
the standard flavor neutrino v, (£ = e, p, 7) and the heavy
mass eigenstate N; is Byy, (i = 1, 2), then the light neutrino
flavor state can be defined as

3
Vp = ZBml/i + (Ben, Ny + Bey,N,), (1)
i=1

Heavy Neutrino Sector

where By, (i=1, 2, 3), and Byy, (j=1, 2) are the
complex elements of the 5 x5 Pontecorvo-Maki—
Nakagawa—Sakata (PMNS) matrix, and will be parame-
trized as follows:
=By, |e", (i=1,2,3) and
0, .

By, = |Bf1v,|e i, (j=12). (2)

The mass difference between HNs is expressed as (|AM y| =

My, — My, = YT'y), where Y stands to measures the mass
difference in terms of I'y = (1/2)(I'y, + I'y, ), which is the
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FIG. 2. Effective mixing coefficients A %ﬂ for Majorana neu-
trinos. Data taken from [50].

(average of the) total decay width of the intermediate heavy
neutrino. The decay width I'y,(My,) of a single heavy
neutrino N; is

where
KY = NYE Bey, [P + N3 Bun, P+ N By, [ (4)

Here the factors B,y are the heavy-light mixing elements
of the PMNS matrix' and A Ma are the effective mixing
coefficients, which account for all possible decay channels
of N; and are presented in Fig. 2 for our My range of
interest (0 < M <6 GeV).

It is important to mention that, due to the dependency on
|Bsw,|, the factors KM* could be, in principle, different for
N, and N,, that means it is possible that [By | # |By,
and, consequently, K} dominate over K3 or vice versa.
The factors KM only appear in T'y(My ) (Eq. (3), all
our numerical calculations have been performed for
Iy = (1/2)(Cy, +Ty,), ie., Iy(My)~Ty(My,)/2 if
KV > M and Ty (My) ~ Ty (My,)/2 if Y2 > KM,
then it is not expected to have a significant impact if one
factor dominates over the other. However, in this work we
will assume that KXY~ M4 = K. In addition, we will
consider the mixing elements |B,y |* % | B,y [* = |Byy,|* =
107, NMBy,|?~0 and N4+ NN~ 15; hence,
KMa = 15|B,y|?. As a consequence of the aforementioned,
the HN total decay width are almost equals (I'y, & I'y,) and
can be written as

GEMy
9673

FMa(MN,-) = FN(MN) = 15|BKN|2

(5)

'In this work we define the light neutrino flavor state as
Ve =31 Usvi + 2.7, BeyN;. However, other authors also
use Uyy or Vyy as the heavy-light mixing elements (i.e.,
By =Upy =Ven).
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In Ref. [15] it was obtained that the L-dependent effective differential decay width, considering the effect of HNOs [see
Eq. (6)] and considering the effects of a detector of length L, for fixed values® of HN velocity (=fy) and the HN Lorentz
factor (=yy) is

d i N
—I(M*)=—T(M*" = ¢N)I(N = ¢ M~

2
(3 8 P18 P+ 24800 1B, B 18 0 22
i=1

LL * 9”) > ’ ©)
[

where Lo, = (2zfiyyn)/AM y is the HN oscillation length, where the corresponding factors in the M-rest frame (%)
and the angle 6, stands for the relative CP-violating phase ~ are given by
between N and N, that comes from the By, elements® and

< oiven b
is given by o M2+ M3, - M2
N — ’
2M
O,y =arg(B,y,) +arg(B,y,) —arg(B,y,) —arg(B.y,). (7) M e 5
|1;/N| - 11‘4M11/2 vi7ﬂ . (10)
It is worth it to mention that, in general, M is moving in the 2 M3, M3,

lab frame when it decays into N and 7|, therefore, the

product yyfy is not always fixed and can be written as We remark that f3,; is the velocity of M in the lab frame, and

Alx,y,z) is

Prrn =\ (Ex(Ph)/My)? ~ 1, (8)
Ax,y,z) = x> +y> + 22 = 2xy —2xz = 2yz.  (11)
where Ey is the heavy neutrino energy in the lab frame,
depending on p), direction in the M-rest frame (X').

The relation among Ey;, 1;’ » and the angle @y is given by Therefore, Eq. (6) must be rewritten in differential form
the Lorentz energy transformation (see Fig. 3), and integrated over all directions of heavy neutrino p’y in
, -, the M-rest frame, in addition, we set M — B, £| — K,
Ey = yu(Ey + cosOnBul|Pyl). 9) £y —tand M' — r,
|
—LTy
d (EN )My -1/ di (BT N) -
ar "B = / eA/ y 2 72 42, B = n )F(N — i)
dL (En(Py)/My)* = 1) N dQp
2 L
(X 1B P18+ 208 8o By B o5 (20— 00 ) ) (12)
i=1 osc(pN)

where L. (py) adopts the following form:

A 2mPnyn 2r o,
Losc(pﬁv) = My = M—12V |pN(p;\7)|

27 HNX . .
=——[(Ex(P))/My)* =112 (13) > By =2
My /’mzo)

Wi
Py

and
FIG. 3. The 3-momenta directions of leptons in the M-rest
’We notice that in the literature [13-15], in the laboratory frame (X'). Here 6y defines the angle between /3M and pjy, where

frame (X), usually yyfny = 2. A By N . . .
3Nt is important to note that if 6,y = 0, then there is no M= is the direction of the velocity of M in the lab frame; we

difference between L-T'(B") and -LT(B"). notice that f3,, also defines the 2’ axis.
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[(N — n*7¥)
1 1 M2 M?
=—G2f%|vd|2—zl/2(1, —)
16z F/7 7y, M3 M3,
X [(My + M7)(My — M + M) —4MyMz].  (14)

The term dl(B* — z,”l*N)/in,;v is given by

dL(Bf > u*N) 1

— (B +N 15

S ) (153
1

T 3277 G5, IV er "M 22 (1 xy, 2,) (1 = xy)xy

+x, (1 +2xy — x,)) (15b)

where xy = My /My and x, = M;,/M} . The Fermi con-
stant is Gp = 1.166 x 107 GeV~2, the meson decays
constants are f, = 0.1304 GeV and fp = 0.4 GeV, the
Cabibbo-Kobayashi-Maskawa elements are |V, | = 0.974
and |V,,| = 0.041, and the masses are My =6.275GeV,
M,=139.57x107GeV, M, =105.7x 107 GeV, and
M, = 1.777 GeV. It is worth mentioning that in Eq. (15)
it has been performed, the average over B, initial polariza-
tion and the sum over the helicities of u* and N. Therefore,
Eq. (12) is then only &, dependent [see Egs. (9) and (10)],
hence, the integration dQ; reduces to 2zd(cos Oy ).

III. HEAVY NEUTRINO PRODUCTION
SIMULATIONS

For the correct evaluation of the quantities in Eq. (12), and
to test the feasibility to measure the phenomenon described
here, we require a realistic distribution of y,,, which can lead
to a realistic distribution of f3, through B, = \/1 — 1/73,.
This realistic distribution is obtained by means of simula-
tions of B, mesons production via the charged current Drell-
Yan process, using MADGRAPH5_aMC@NLO [51], PYTHIAS
[52], and Delphes [53] for B} and B individually (see Fig. 4)
for LHCb conditions with /s = 13 TeV.

The observation of the studied phenomenon [Eq. (12)]
depends on the number of produced B, mesons (N ) at the
particular experiment. The HL-LCHb is designed to reach a
luminosity £ =2 x 1073 ecm™2s7! [54], transforming it
into one of the most promising B factories. The B mesons
production cross section is oz ~ 86.6 ub [55], however, o
is suppressed by a factor of 10~* with respect to o5 [56];
this suppression factor implies that for each 10° B mesons
we have 10° B, mesons. The HNs production has been
calculated in detail in Refs. [12—14], in addition, assuming
a 50% detector efficiency, the expected number of heavy
neutrino events (with HNs masses between 3.5-5.5 GeV
and |Bgy|> = 107°) can reach ~3000 for six years of
operation.

50F .
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305 —— B, Mean = 17.2, Std Dev = 27.2 7:

3 TF ]
g T N
20j ]
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FIG. 4. The Lorentz y: factor for BY mesons.

IV. RESULTS AND DISCUSSION

In this article, we have studied the modulation
dl'(B.)/dL for the LNV BF meson decays, assuming
conditions that could be present at the LHCb experiment.
We focus on a scenario that contains two almost degenerate
(on-shell) heavy Majorana neutrinos. This scenario has
been studied in previous work, Ref. [15], in which we have
explored the modulation in a more academic frame. In this
paper we consider more realistic conditions that could lead
to a discovery in the upcoming years. Figure 5 shows the
differential decay width dI'(BZ)/dL for fixed values of yy
and Sy, which are determined from the average values of
g+ presented in Fig. 4 for two values of 6;y. The solid
lines stand for the processes, which include the effects of
HNOs, while the dashed lines do not. It could be seen that
the effects of HNOs over dI'(BZ)/dL could enhance or
decrease it near a factor of 2, in comparison with the case
with NO-HNOs for some regions of L. In addition, for
dU(BE)/dL with NO-HNOs effects, there is no modula-
tion, and only exist the damping effect produced due to the
probability that the HN decay.

We noticed that the difference between the process for
B and B is maximized when the CP-violation angle is
0,y = /2 [as expected from Eq. (12)]. We also observed
that as the distance L grows, both curves tend to converge;
this is because as the HN propagates, the cumulative
probability that the HN has decayed is greater. This effect
is characterized by the exponential factor present in
dU'(B.)/dL [Eq. (12)], which specifically accounts for
the probability that the HN decays within the detector of
length L.

Figures 6 and 7 show the differential decay width
dI’(B.)/dL for nonfixed values (nonaverage values) of
yy and fy, which are determined from the simulated
distributions of yz+ presented in Fig. 4. Figures 6 and 7
were performed for 0,y = z/2 and 6, = x/4, respec-
tively, and two values of My. The effects of nonfixed yy
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FIG. 5. Differential decay width dI'(B,)/dL for average value of yp:. Left panel: My = 3.5 GeV, Y =5, |Byy]? =5 x107°, and
0,y = x/2. Right panel: My =3.5 GeV, Y =5, |Byy|> =5 x 107%, and 6, = z/4. Solid lines stand for processes including the
HNOs effects, while the dashed ones stand for the process with NO-HNOs effects (only amplitude interference effects).

and py were calculated taking into account the relative
probability of each bin of them, that is, considering the
specific contribution of each bin in the final values of
dU(B%)/dL. Figures 6 and 7 also show the results,
including the detector position resolution Reso(L) =1 mm,
for a sample of 50 events simulated from the dI'(BZ)/dL
distributions; this effect is shown by triangles that do not fit
perfectly on the continuous curve, which corresponds to the
detector with perfect resolution, Reso(L) = 0.0 mm. In
addition, the effects of nonfixed yy and By are manifested
by means of a smoothing of the modulation; it can be
easily seen by an eyeball comparison between Fig. 5 with
Figs. 6 and 7 (left panels).

By comparing left and right panels from Figs. 6 and 7,
we can see that the maximum of the difference between the
curves runs to the left, i.e., in the right panels the CP

le-37
8.
— Bl-outt*n-
7 — Biou TRt
N6
>
[¢)]
S 54
o
B 4
| -
ol
3.
24
0 25 S0 75 100 125 150 175 200
L (mm)

violation is maximized when L ~ 23 mm, while in the left
panels it maximizes at L =~ 66 mm. This is mainly due to
the fact that the larger My implies a shorter lifetime and,
consequently, the HN decay in shorter distances.

Figures 8 and 9 show the simulated dN(BZ)/dL dis-
tribution for My = 3.5, Y =5, |Byy|> =5 x 107° GeV,
and two values of 6;y from a sample of 100 and 1000
events, respectively. We remark that we had simulated the
same number of events for processes that involve B and its
CP conjugate (B} ); despite that, from Eq. (6) we know that
cross sections of BY and B are different if 9, # 0. Both
cases include their respective statistical error and consider
yn and gy distributed according to the result presented in
Fig. 4. From Fig. 8 we can see that there is only a modest
difference between B distributions, e.g., in L =0-60 mm,
based on what we think, it will not be possible to
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FIG. 6. Differential decay width dI'(B.)/dL for yg. distributed according Fig. 4. Left panel: My =3.5 GeV, Y =5,
|Byn? =5x107% and 6,, = n/2. Right panel: My =4.5GeV, Y =35, |Byy|*> =107, and 0, = /2. The solid lines are

generated assuming perfect detector resolution, while triangles stand for 50 samples of dI'(B.)/dL convolved with the detector
resolution Reso(L) = 1.0 mm.
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FIG. 7. Differential decay width dI'(B.)/dL for yu: distributed according Fig. 4. Left panel: My =3.5GeV, Y =5,
|Boy|> =5x107°, and 0,, = /4. Right panel: My = 4.5 GeV, Y =5, |Byy|> =5 x107°, and 6,, = /4. The solid lines are

generated assuming perfect detector resolution, while triangles stand for 50 samples of dI'(B.)/dL convolved with the detector
resolution Reso(L) = 1.0 mm.
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FIG. 8. Differential number of events dN/dL for 100 samples. Left panel: My =3.5 GeV, Y =35, |Byy|?> =5 x 1075, and

0,y = n/2. Right panel: My = 3.5 GeV, Y = 5, |B,y|> = 5 x 107, and 0, , = n/4. Here the bin width is AL = 20 mm, in addition, it
was considered that yp+ are distributed according Fig. 4.
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FIG. 9. Differential number of events dN/dL for 1000 samples. Left panel: My = 3.5 GeV, ¥ =5, |Byy|> =5 x 107, and

0,y = n/2.Right panel: My = 3.5 GeV,Y =5, |B,y|* = 5 x 107, and 0, , = n/4. Here the bin width is AL = 20 mm, in addition, it
was considered that yz= are distributed according Fig. 4.
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0,y = n/2.Right panel: My = 4.5 GeV,Y = 5, |B,y|> = 5 x 107°, and 0, = n/4. Here the bin width is AL = 20 mm, in addition, it

was considered that yp: are distributed according Fig. 4.

distinguish the oscillation for either 8, = z/2 or 6, =
7 /4 with more than 5¢6’s from the “nonoscillation” scenario
with only 100 signal events. A more positive scenario is
shown in Fig. 9, assuming 1000 signal events, where we
can clearly observe the oscillation with good precision in
the whole range for 6;y = z/2 and in L = 0-120 mm,
L = 180-200 mm, and L = 260-300 mm for 8, , = /4.

Figures 10 and 11 show the dN(BZ)/dL distribution for
My =45,Y =5,|B,y|> =5 x107° GeV, and two values
of 6;y from a sample of 100 and 1000 events, respectively.
Both cases include their respective statistical error and
consider yy and fy distributed according to the result
presented in Fig. 4. For this larger mass scenario, we
observed that the feasibility of discovering HN oscillation
is possible in the whole range of L for 8;,, = z/2 and for
L =20-60 mm, L = 140-160 mm, L = 220-260 mm
and L =280-300 mm for 6;y, = z/4, with a similar

conclusion about statistics, addressing the 5¢’s only in
the 1000 signal events case.

V. SUMMARY

In this work we have studied the decay of HNs and their
modulation in rare B, meson decays at the HL-LHCb
conditions. Here we have found that the modulation
produced by the HNOs could be observed if 1000 HN
events are detected; this number is consistent with the
expected number of HN decays at HL-LHCb.
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