PHYSICAL REVIEW D 100, 095022 (2019)

Sensitivity of lepton number violating meson decays in different experiments

Eung Jin Chun,"" Arindam Das,>" Sanjoy Mandal®,*** Manimala Mitra,*** and Nita Sinha®*/
'Korea Institute Jfor Advanced Study, Seoul 130-722, Korea
2Department of Physics, Osaka University, Toyonaka, Osaka 560-0043, Japan
3 Institute of Physics, Sachivalaya Marg, Bhubaneswar 751005, India
*Homi Bhabha National Institute, BARC Training School Complex, Anushakti Nagar,
Mumbai 400094, India
The Institute of Mathematical Sciences, C.I1.T. Campus, Taramani, Chennai 600 113, India

® (Received 5 September 2019; published 20 November 2019)

We study the discovery prospect of different three body lepton number violating (LNV) meson decays
M7 - 16GM 2* in the framework of the right-handed (RH) neutrino extended Standard Model. We
consider a number of ongoing experiments, such as NA62 and LHCb at CERN, Belle II at SuperKEK, as
well as at the proposed future experiments, SHiP, MATHUSLA and FCC-ee. The RH Majorana neutrino N
mediating these meson decays provides a resonant enhancement of the rates, if the mass of N lies in the
range (100 MeV-6 GeV). We consider the effect of parent mesons velocity, as well as the effect of finite
detector size. Using the expected upper limits on the number of events for the LNV decay modes, M| —
Vunl?
Vv, [VenVunls [VenVen| and |V, V.| as a function of heavy neutrino mass My. We show that
inclusion of parent meson velocity can account to a large difference for active-sterile mixing, especially for
D, D; meson decay at SHiP and K meson decay at NA62. Taking into account the velocity of the D, meson,

)

£7¢;n" (M, = B, B, D, D, and K), we analyze the sensitivity reach of the mixing angles |V, /|?,

the future beam dump experiment SHiP can probe |V,y|> ~ 107, For RH neutrino mass in between

2-5 GeV, MATHUSLA can provide the best sensitivity reach of active-sterile mixings.

DOI: 10.1103/PhysRevD.100.095022

I. INTRODUCTION

The discovery of neutrino oscillations [I] in a
series of oscillation experiments has confirmed that
neutrinos have nonzero masses and nonzero mixings.
The solar and atmospheric mass splittings are O(1075)
and O(1073) eV?, while the three mixings are 6, ~ 33°,
0,3 ~ 45° and 0,5 ~ 9°. These observations indicate at least
two of the three Standard Model (SM) neutrinos have
nonzero masses. The absolute scale of the neutrino masses
is yet unknown. The sum of masses of three active
neutrinos is bounded from cosmological observation as
>_im, <023 eV [2]. One of the most natural Ansditze to
explain small neutrino masses is the seesaw mechanism,
where the dimension-5 operator [3] with lepton and Higgs
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doublets generates Majorana mass of light neutrinos
through electroweak symmetry breaking. This operator
breaks global lepton number symmetry of the SM by
two units. The other possibility is to generate Dirac mass
terms for the SM neutrinos by including gauge singlet
right-handed (RH) neutrinos in the theory. However, to
explain eV mass of the neutrinos, this requires unnatural
fine-tuning of Yukawa coupling to a very small value
Y, ~ O(107'). The seesaw mechanism on the other hand
is most appealing, as the tiny Majorana mass of the light
neutrinos is inversely proportional to the cutoff scale of the
theory. This large cutoff scale naturally explains eV mass of
neutrinos. Seesaw can be realized in different beyond
standard model extensions, such as type-I [4—7]/inverse
seesaw [8,9] with gauge singlet Majorana neutrinos, type-II
[10-13] seesaw with Higgs triplets, and type-IIl seesaw
[14-17] with fermionic triplet. For type-I/inverse seesaw,
RH neutrinos can have Majorana/quasi-Dirac masses,
which can vary in wide ranges, starting from grand unified
theory scale down to GeV. The low scale seesaw models
that inherit lighter RH neutrino states have higher discovery
prospect, as they can be tested in a wide range of
experiments.

Heavy SM gauge singlet RH neutrinos of mass GeV to
TeV can be searched at LHC, via dilepton [18-23], as well
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as trilepton final states [24—29]. The 13 TeV LHC trilepton
search has constrained the mixing of the RH neutrinos with
active neutrinos down to |V .y|> < 1075 [28], for the mass
of RH neutrino My in between 10 to 50 GeV. The displaced
vertex signature can also give a very tight constraint on
mixing angles |V y|*> ~ 10~ for right-handed neutrinos at
the high luminosity LHC for mass range between 5 GeV <
My < 30 GeV [30]. For other future colliders, such as
ete™, FCC-hh, and discussions on a future e~ p collider,
such as LHeC, see [31-38]. For the heavy RH neutrino of
mass My ~TeV, the final decay products will be colli-
mated and will produce fat jets [23,34,36,39]. For the
discussion on sub-weak-scale RH neutrino state that can
produce lepton jet, see [40]. The other mass ranges of RH
neutrinos, such as MeV-GeV, are tightly constrained from
the lepton number violating neutrinoless double beta decay
(Oypp-decay) [41-45], while in the GeV-TeV range, the
lepton flavor violating process y — ey [46—48] can give
significant constraint. RH neutrinos have also been
searched for in the laboratory experiment through peak
searches in leptonic decays of pions and kaons [49,50].

Another interesting probe for Majorana neutrinos of
hundreds of MeV—few GeV masses and their mixings are
the lepton number violating (LNV) rare meson decay
processes, such as M| — ¢7¢5n" [50-66]. For the RH
neutrino search, this process has an advantage as compared
to the LNV Ovpf-decay due to the lesser uncertainties in the
meson decay constant. In the later process, the nuclear
matrix elements uncertainty can make a difference in the
prediction of active-sterile mixing. We consider a number
of three body AL =2 meson decays M| — £7¢5n"
(M| = B,B.,D, D, and K) and derive the sensitivity reach
of the active-sterile mixing parameter in a number of
ongoing and future experiments, such as NA62, LHCb
at CERN, Belle II, SHiP, MATHUSLA and FCC-ee. Note
that the light neutrino contribution to these meson decays is
extremely suppressed. However, for RH neutrinos in the
mass range of 0.140 GeV < My < 6 GeV, the intermedi-
ate Majorana neutrinos can be produced on shell. This
results in resonant enhancement of these decay rates. In
addition, a large number of decaying mesons in these
experiments, in particular at SHiP, will facilitate to improve
the sensitivity reach significantly. In deriving these results,
we consider parent meson velocity that affects the proba-
bility of RH neutrino decay inside the detector. We show that
inclusion of parent meson velocity can give 1 or 2 orders of
magnitude shift O(10'-10?) in the results obtained.

The paper is organized as follows. In Sec. II, we very
briefly review the basic features of the three RH neutrino
framework, following which in Sec. III we discuss in detail
the contributions of the RH neutrino in meson decays. In
Sec. IV, we then compute the total decay width of RH
neutrino N in the mass range 0.140 GeV < My <6 GeV.
In Sec. V, we study the effects of parent meson velocity in
the RH neutrino decay probability. In Secs. VI and VII, we

give the formalism to calculate the signal events and give
different inputs for various experiments which we consider.
In Sec. VIII, we derive the limits on the mixing angle
\Venl?, € = et and |V yVenl, €1.62=e.p, 7.6, #
¢, that are expected from the upper limits on the number of
signal events of various LNV meson decays that may be
achievable in some of the ongoing and future experiments.
In Sec. IX, we present our combined limit from all the
considered meson decays and give the comparison with
other existing constraints on the mixing angles. Finally in
Sec. X, we provide our conclusions. In the Appendix, we
provide details of the RH neutrino decay width calculations.

II. THE MODEL

We extend the SM to include additional RH neutrinos N.
The heavy neutrinos can generate light neutrino masses
through seesaw. For simplicity, we consider only one RH
neutrino and carry out our analysis. The mixing of N with
the active neutrinos is given by the following expression:

3

Ve = U + VenN,. (1)
m=1

where v,, and N,,, are the mass eigenstates. We denote the

mixing between the standard flavour neutrino v,

(Z = e,u,7) and the heavy mass eigenstate N by V.

Due to the mixing, the charged and neutral currents in the

lepton sector gets modified and can be written as

L€ = W+ (ZZ U, Oy PLE
f=em
+ZVKNNC 7P, >+H.c., (2)
£y = 2cos €W <;m§: UenPnt"Prve

+ Z ViyNTy PLuf> +H.c. (3)

For the purpose of phenomenology, we consider the
mass and mixings of N as free parameters, constrained
only by experimental observations. Note that adding only
one RH neutrino is not enough to correctly reproduce the
neutrino oscillations parameters, namely two mass square
differences and the mixings. In our considered model,
we can add two more RH neutrinos to generate the
neutrino masses and consider two of them to be heavy
enough such that only one RH neutrino lies in the mass
range 0.140 GeV < My <6 GeV.

III. PROCESS

The RH neutrino N, if a Majorana state can mediate the
LNV process M7 — £7¢5 M5 . The Feynman diagrams for
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FIG. 1.
See the text for details.

these decays are shown in Figs. 1 and 2. The diagram in
Fig. 2 will give a very small contribution, as this is not a
resonance production diagram. Note that the diagrams with
light neutrino exchange are also present but the contribu-
tions will be negligibly small as they will not be resonantly
enhanced. The decay amplitude for the processes M7 (p) —
£7 (k)¢5 (ky)M3 (ks) depicted in Fig. 1 can be expressed as

M= G%V%M V%MfM,sz (VenVen)
My

) (p—Fk)? _M12\/+iMNFNﬁ(kl)ﬂk3(1 +rs)v(ky),
(4)

where M; and M, are both pseudoscalar mesons.
Though M, can also be a vector meson, we have considered
only the case of pseudoscalar meson. In Eq. (4), G is the
Fermi coupling constant, V,y are the mixing angles
between the neutrino of flavor state Vg, and mass eigenstate
N. VEM(VEM) are the Cabbibo-Kobayashi-Maskawa
(CKM) matrix elements at the annihilation (creation)
vertex of the meson M, (M,). fy, and f), are the decay
constants of M; and M,, respectively. We use the values
fp=0204 GeV, fp =0258 GeV, fg=0.156 GeV,
S =0.188 GeV and fp = 0.436 GeV [67]. My and ['y
are the mass and decay width of the heavy neutrino N.
Finally, the total decay rate is given by

FIG. 2. The t-channel diagram for the lepton number violating
meson decay. See the text for details.

My

The Feynman diagrams for the lepton number violating meson decays. These processes can produce resonance enhancement.

P, = £16m) = 05" IMPAy(PS). (5)

In Eq. (5), n = 2 for identical final leptons, otherwise n = 1
and d5(PS) is the three body phase space.

IV. TOTAL DECAY WIDTH OF N

Although the RH neutrino N is a SM singlet, due to mixing
with active neutrinos it can decay via charged and neutral
current interactions. For the mass range 0.140 GeV <
My <6 GeV, the RH neutrino can be produced as an
intermediate on mass shell state in the LNV meson decays
being considered here. We consider only tree level diagrams
in the calculation of RH neutrino total decay width. In the
relevant mass range 0.140 GeV < My < 6 GeV, the follow-
ing channels contribute to the total decay width of heavy
neutrino:

(i) N> ¢ P, where £=e, u, =,

T, KT,D", D}, B* (for £ = e, p).

(i) N = v,P°, where v, are the flavor eigenstates v,,

Vs Ve and PO = 7% .0 ...
(ili) N> ¢£"V*, where ¢=e, u, 7, and
pT,K*T, DT DT B*" (for £ = e, ).

(iv) N->v,V°, where vy=v,.v,.v, and V'=p’ w.¢,

J/wy.
(V) N = 7€ vy, where ¢y, ¢ = e, p, 7, 1 # ¢5.
(Vi) N = v, 65675, where £y, £, = e, u, 7.
(vii)) N — vy vw, where vy =v,, v, ;.
Hence, the total decay width is given by

FN _ er"ﬂp+ + ZFWPO + ermﬁ 4 ZFW Vo

and PT =

Vit =

7 ¢.P° A% AN
+ Z 1% 2%, + ZFWI Crts + ZFW] v (6)
1,65 (Or#E) biits o

As the RH neutrino is Majorana, the charge conjugate
processes are also allowed and the decay rate is the same,
hence the 2 factor is included for some of the channels. We
can parametrize the above decay width as follows:

2

’

(7)

Ly = a,(My)|Voy* 4+ a,(My)|V 5> + a;(My)|Voy
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FIG. 3.
and a, as function of mass M.

where, a,, a, and a, are functions of the Majorana neutrino
mass and hence will differ from mode to mode. We show the
total decay width of heavy neutrino N in the left panel of
Fig. 3, for the choice of mixing |V.y[> = |V, y|* =
|V.v|> = 1. Even with mixing angle equal to 1, the decay
width lies in the range 107'® GeV < I'y < 1077 GeV for the
M massrange,0.140 GeV < My < 6 GeV.Hence, we can
safely use the narrow-width approximation, m ~
o 0(py—My) and T(M, — £,£,M,) can be approxi-
mated as I'(M; — ¢,N)Br(N — ¢,M,). We also show in
the right panel of Fig. 3 the different coefficients a,, a, and a,
as a function of RH neutrino mass M . For the RH neutrino
mass My up to 025 GeV, a,~a, and for mass

My > 04 GeV,a,~a

i
"

V. PARENT MESON VELOCITY AND FINITE
DETECTOR SIZE EFFECT

For the mass range 0.140 GeV < My < 6 GeV, the RH
neutrinos produced in these LNV meson decays are on
shell. The RH neutrino produced in meson decays
M, — ¢|N, propagates and decays after traveling some
distance from the production point. This is the decay length
Ly of the RH neutrino N and it depends on the total decay
width of N. If Ly is greater than the actual size of the
detector, then N will decay outside the detector and the
signature M| — ¢,z cannot be observed. For a particular
experiment the detector size is finite. Hence, when calcu-
lating the signal events, we need to take into account this
finite size detector effect by the probability factor Py of N
to decay within the detector. In general, this probability
factor can be written as

M L
Py =1—exp (—LDFN —N> =1-exp (— —D>, (8)
PN L

N

where Ly = ﬁ, Lp is the detector length, py is the three

momentum of N. Defining x = i—z, it is obvious that for a
very large detector length Lp and small decay length Ly,

Left panel: The total decay width of heavy neutrino N with the assumption,

05 1 2 5
My [GeV]

Von* = |Vw* = |V = 1. Right panel: a,, a,

Py =1 —exp(—x) ~ 1. Note that the probability factor
depends on three momentum p, which in turn depends on
the velocity of decaying meson M. Hence to incorporate
the probability factor correctly, we need to use the correct
velocity of the parent meson M| in each of the experiments.

If the parent meson M, decays at rest, three momentum p
R . . N m 1 m: M2

is fixed and is given by p} = %ﬂdl,ﬁ,ﬁ). For the
case of parent meson M produced with fixed boost ﬁ the
energy of N is then given by

Ey :E}*\,<y+p’*v\/y2— lcose}*\,),
Ey

where EY; is the energy of N in the rest frame of M which

L - 5 > _ Eu .
is given as Ey = +/py +MN.y—m—M‘] and 65 is the
emission angle of particle N in the rest frame of M,

which is measured from the boost direction ,E The energy
Ey of the N in the boosted M frame lies within the range

Ey € [Ey. Ey] = KJ/E}} - p?v\/ﬁ)
(83 pinfro-1)). ©)

Similarly we can derive the range of py € [py, py] from
Eq. (9) using the relation p¥ = /Ex* — M%,. Inthis section,
we show how x, Ly depends on parent meson velocity and
compare to the case of parent meson decay at rest. For the
case of meson decay at rest, py = pj and for meson decay
with nonzero momentum p,,, we take py = w to
compare. With the assumption of [V y|* = |V, y|* =
|V.v|?, we can write the decay length Ly and x as

_ PN _ PN
MLy My|Vey(a,(My) 4+ a,(My) + a.(My))

(10)

Ly
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FIG. 4. Dependence of the decay length L, on parent meson velocity as a function of RH neutrino mass M. The upper panel is for
B meson decay at Belle-1I (left) and SHiP (right). The left figure of the lower panel is for D, meson decay at SHiP and the right figure of

the lower panel is for K meson decay at NA62.
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FIG. 5.

Dependence of parameter x = L" on parent meson velocity as a function of RH neutrino mass M. The upper panel is

for B meson decay at Belle-II (left) and SHIf) (right). The left figure of the lower panel is for D; meson decay at SHiP and the right figure
of the lower panel is for K meson decay at NA62.
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L, L
= 22— 2P A Vo Pa (My) + a,(My) + a.(My)).

X =
Ly pwn
(11)

In Figs. 4 and 5, we have shown the variations of Ly x

|V n|? and - as a function of RH neutrino mass My in B,
‘N

D, and K meson decays. To do the comparison with the
meson decay at rest (py, = 0), we take pp =45 GeV
(FCC-ee) [68], 58 GeV (SHiP) [69]; pp = 58 GeV
(SHiP) and px =75 GeV (NAG62) [70]. From these two
figures it is clear that decay length increases (hence x
decreases) for fixed mixing angle in the case of meson
decays in flight compared to meson decay at rest. Hence, the
probability of RH neutrino Py to decay inside the detector is
smaller in the case of meson decay in flight compared to
meson decay at rest. As a result, compare to meson decay at
rest, in the case of meson decay in flight we get a rather loose
bound on mixing angle from the expected signal events.

VI. SIGNAL EVENTS

The sensitivity reach for the LNV decay modes in a
particular experiment depends on the number of the parent
mesons M’s produced (N M?)’ their momentum (p m,) and
the branching ratio for these mesons to the LNV modes.
Assuming the parent meson M, decays at rest, the expected
number of signal events is [71]:

Nevent = 2IVM]‘Br(]WI_ - fl_ng;),PN’
I'(N — f;M;r)

~ 2Ny Br(M7 — £7N) .
N

Py, (12)

the factor 2 is due to inclusion of the charge conjugate
process M| — #{N and Py is the detector probability
which is given by

For the case of meson decay in flight the RH neutrino
energy Ey lies in range according to Eq. (9) and follows a
flat distribution as

1 1

_E;_EX/_Zp}i,\/yz—l'

f(Ew)

Hence to calculate the total number of events for M7 —
£7¢5M7 in the lab frame we need to integrate within the
range of Ey as

+

N _ - My,
Nevem ~ 2NM]— dENBr(Ml — fl N) PE——
Ey 2PN\PM,|
I'(N = ¢, M5
% (N - £3M5) - (13)
Iy
MyTyLp

where Py = [1 —exp(— )] is the detector proba-

bility after taking into account the parent meson M velocity.

Since the LNV meson decay rates will be extremely
small, the expected number of signal events for these
processes can be assumed to follow a Poisson distribution.
Following Ref. [72] and assuming zero background events,
we derive the average upper limit on the number of events
at 95% C.L., assuming the number of signal events to
be Neyene = 3.09.

Note that the number of events given in Eq. (12) or (13)
are functions of the mass parameters My and mixing
Vn. Equating the numerical upper limit on the number
of events to the theoretical expressions, we get constraints
on mixing angle Vy, corresponding to specific My values
for particular experiments. We have assumed |V, y|*> =
|V,v|* = |Voy|* in Ty when deriving these bounds using
Eqgs. (12) and (13).

VII. INPUT FOR DIFFERENT EXPERIMENTS
A. LHCb

The LHCb detector is a forward spectrometer at the
Large Hadron Collider (LHC) at CERN. A search for heavy
Majorana neutrinos in B — pun decay mode had been
performed by the LHCb collaboration using 7 TeV data
[73] and bound on the mixing angle |V ,y|* is provided in
the mass range 0.25 GeV < My <5 GeV.' The cross
section for producing B, D and D, mesons at /s =
13 TeV within the LHCb acceptance (2 <5 < 5) is 86.6,
834 and 353 ub, respectively [75,76]. Hence, in LHCb
upgrade with 300 fb~! luminosity, the expected number of
B, D and D, mesons is Nz = 2.6 x 103, Np+ = 2.5 x
10" and Np: = 1.05 x 10", LHCb will also produce a
large number of B, mesons. A crude estimate [77] using the
measured [78] ratio of production cross section times
branching fractions between the B, — J/wz' and Bt —
J/wK* decays at /s = 8 TeV indicates O(10'")B, events
with 300 fb~! luminosity at 14 TeV. Though the number of
B, mesons at LHCb are smaller than the number of B
mesons, this mode being less suppressed with respect to
BT — ¢¢5n gives tighter constraints on the mixing
angles. The produced mesons will decay in flight, carrying
a momentum of the order of 100 GeV in the forward
direction [79]. We take the detector length L, = 20 m.

"This bound has been recently revised in Ref. [74] by taking
into account the correct lifetime calculation of N.
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B. NA62

NAG62 is an ongoing experiment at CERN that will
produce a large number of K mesons [70]. The primary
SPS 400 GeV proton beam aims on a target and produces a
secondary high intensity hadron beam with an optimum
content of K™ (~6%). The expected number of K decays
in the fiducial volume is 4.5 x 10'? per year. Assuming
three years of running, Ng+ = 1.35 x 10'3. The detector
length Lj, ~ 65 m and the produced K+ mesons will decay
in flight, carrying a momentum of 75 GeV.

C. SHiP

The SHiP experiment is a newly proposed general
purpose fixed target facility at the CERN SPS accelerator
[80]. A 400 GeV proton beam will be dumped on a heavy
target for the duration of five years. One of the primary
goals of the experiment is to use decays of charmed mesons
to search for heavy sterile neutrinos using the decay mode
D} /D" —» £T¢"z~. One can easily estimate the number
of charmed meson pairs that are expected to be produced in
this experiment as [81]

Nmeson = XcE X NPOT xR,

where X ; is the ¢ production rate, Npgr = 2 x 10? is the
number of proton-target interaction. The relative abundan-
ces R of charmed mesons, such as D and D,, are 30% and
8%, respectively. Hence, the expected number of D and D
mesons are Np+ = 1.02 x 10" and Np: = 2.72 x 10',
respectively. This very high intensity of the charmed
mesons will permit to set tight constraints on mixing angle
at SHiP. There will also be a large number of B and B,
meson productions at SHiP. Following [82], we can
estimate the number of B and B, meson as Ng+ = 10'3
and Np = 10", respectively. The detector length is taken
to be Lp = 60 m. For the 400 GeV CERN Neutrinos to
Gran Sasso proton beam on target, the expected momentum
of the produced mesons is ~58 GeV [69].

D. MATHUSLA

MATHUSLA [83] is a newly proposed detector near
ATLAS or CMS. Its main goal is to search for neutral long-
lived particles produced in HL-LHC collisions by recon-
structing displaced vertices. The detector is designed to
have an area of 200 m x 200 m and a height of 20 m for the
decay volume, which is displaced from ATLAS or CMS by
100 m both horizontally and vertically. RH neutrino search
is one of the primary goal of MATHUSLA and is most
sensitive to the parameter space which yields a decay length
~200 m. RH neutrinos which are coming from the meson
decays or W and Z boson decays has very large decay
length and this has been already studied in [83]. For the
meson decay case, they have considered the decay modes
B - DfN,B — ¢N and D - K¢N and after including the

probability of RH neutrinos to decay visibly within the
MATHUSLA detector, they derived the constraints on
mixing angles. In this study, we have considered the meson
decays B — ¢¢>mw and D — ¢,¢>x for MATHUSLA. For
the number of B and D meson productions we followed
Ref. [84]. The result of their detailed simulation suggests
that numbers of B and D meson production within the
geometric acceptance of the MATHUSLA detector are
5.7 x 10 and 5.4 x 103, respectively. Their simulation
also gives the average y factor of the B and D mesons as
(yp) = 2.3 and (yp) = 2.6 from which we can derive the
average momentum of the mesons. The detector length is
taken to be 38 m.

E. Belle 11

The asymmetric SuperKEKB facility is designed to
collide electron and positron beams such that the center
of mass energy is in the region of the T resonances. An
upgrade of Belle, the newly completed Belle II detector is
expected to collect data samples corresponding to an
integrated luminosity of 50 ab~! by the end of 2024 [85].
The expected number of charged BB pairs to be produced is
5.5 x 10'% [86,87]. In addition, a large sample of charged
D, D, mesons will also be accessible, with Ny~ = 3.4 x
10" and Np: =10' [87]. A direct search for heavy
Majorana neutrinos in B-meson decays was performed by
the Belle collaboration using a data sample that contained
772 x 10 BB pairs (at 711 fb~!) [88]. At KEKB as well as
SuperKEKB, the energies of the e, e~ beams are suffi-
ciently low so that the momentum of the produced B mesons
as well as that for the charmed mesons will not be
appreciable and the suppression from high momentum of
the decaying mesons in the number of events will be absent.

F. FCC-ee

The Future Circular Collider (FCC-ee) [68] will collect
multi-ab~! integrated luminosities for eTe™ collisions
at c.m. energy /s~ 91 GeV. The expected number of
Z-bosons is 10'>~10'3. The number of charged B mesons
from Z decays can be estimated as

Ng+ = N, xBr(Z — bb) x f,.

where N, ~ 10'3, Br(Z — bb) = 0.1512 [89], f, = 0.410
[90] is the fraction of B* from b quark in Z decay. The B
mesons produced at FCC-ee will have an energy distribu-
tion peaked at Eg+ = % Hence we can calculate the
number of signal events using Eq. (13), where the detector
length is taken to be L, =2 m.

VIII. RESULTS

In Fig. 6, we show how the velocity of the parent
mesons affects the sensitivity reach of the mixing angles.
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FIG. 6. Future sensitivity reach and present limits on the mixing angles as a function of RH neutrino mass M y. The black and red lines
stand for meson decay at rest and meson decay with finite momentum, respectively. The upper panel corresponds to the B meson decay
at FCC-ee (left) and SHiP (right). The left figure of the middle panel is for D; meson decay at SHiP and the right figure of the middle
panel is for K meson decay at NA62. The lower panel represents B, meson decay at LHCb (left) and SHiP (right).

We consider a number of ongoing and future experi-
ments, such as FCC-ee, SHiP to explore B — eex, SHiP
for D, — eer, NA62 for K — eex, and LHCb, SHiP for
B. — 77z meson decays. To derive the bounds/sensitivity
on the mixing angle as a function of RH neutrino mass
My, we use Eqgs. (12) and (13), for meson decay at rest
and in flight, respectively. For all of the above decays,
the obtained bounds/future sensitivity on the mixing
angles are rather loose in the case of meson decays in
flight compared to meson decays at rest. As an example,
for the case of B (FCC-ee, SHiP) and D, (SHiP) meson
decays, there is approximately 1 order of magnitude
difference between the two results. The result for K
meson decay at NA62 differs by 2 orders of magnitude.
Hence, the inclusion of parent meson velocity is indeed

very important when calculating the bounds on the
mixing angles.

In Figs. 7-10, we show the final bounds and future
sensitivity on various mixing angles such as |V y|*, ¢ = e,
p,tand |V, NVl €1, 6, = e, u, 7, # ¢, as a function
of RH neutrino mass M. When calculating the limits on
these mixing angles, we are using Eq. (12) for Belle-1I and
Eq. (13) for the other experiments. The latter properly takes
into account parent meson velocity effect in the RH
neutrino decay probability inside the detector. Due to the
huge number of charmed meson productions, the future
experiment SHiP will be able to probe |V, y[%, [V, y|* ~
O(107) and |V,yV,y|~O(107°) in the mass range
0.14 GeV < My < 1.9 GeV. Figure 6 shows that without
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FIG.7. Variation of the future sensitivity reach and present limits on the mixing angle |V, y|? with respect to the mass M y. We consider
meson decay channel M| — eex. The left figure in the upper panel is for K meson decay at NA62. The right figure in the upper panel is
for B meson decay at SHiP (black), MATHUSLA (magenta), LHCb (red), FCC-ee (blue) and Belle-II (green). The left figure in the
middle panel is for B, meson decay at SHiP (black) and LHCb (red). The right figure of the middle panel is for D meson decay at SHiP
(black), MATHUSLA (magenta), LHCb (red) and Belle-II (green). The last figure is for D, meson decay at SHiP (black), LHCb (red)

and Belle-II (green).

considering the K meson velocity, tightest bounds on
mixing angles |V,y[> (0.14 GeV < My < 0.49 GeV),
[V.n|? (024 GeV < My <038 GeV) and |V, yV ]
(0.14 GeV < My < 0.49 GeV) are obtained from the
meson decays K — eer, K — pumr and K — eur,
respectively. Taking into account parent meson velocity,
the tightest bound in the above mass ranges can instead
be obtained from the D; meson decays at SHiP. For
relatively higher mass range 2 GeV < My < 5 GeV, the
tightest bound on mixing angles |V,y[% [V n|*~
O(1077) and |V, 5V, ~ O(1077) can be obtained from
B meson decays at MATHUSLA. Finally for the mass
range 5 GeV < My < 6 GeV, the tightest limit on

mixing angles |V y[?, [V, y|* ~O(1077) and |V vV, n| ~
O(1077) will be provided by the B. meson decay
at LHCb.

Furthermore, the large mass gap between B(B,) and 7
meson allows one or both final leptons to be tau. Hence,
we have included in our study additional final states like
B, B, — etn, prr and zrz. The highest sensitivity reach
on [V,yVoy|~O(1077) and |V ,y V.| ~ O(1077) can be
provided from the B — e(u)zr (0.2 GeV < My <
5 GeV) at MATHUSLA and B.—e(u)tr (5GeV <My <
6GeV) at LHCb, respectively. Additionally, the tightest
bound on |V y|* ~O(2x 1077) can also be provided
by B — ttwr decay mode (2 GeV < My < 3.4 GeV)
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FIG. 8. Same as Fig. 7 except now the limits are on the mixing angle |V”N\2 from the meson decays M| — uun.

at MATHUSLA and B.—ttr  decay mode
(34 GeV < My <4.5 GeV) at LHCb, respectively.
Note that B, B.— ttw meson decays constrain the
mixing angle |V, y|*> in the mass range, where it has
so far been unconstrained by any of the z or other
meson decays. In spite of the larger number of D
production, compared to D, meson at SHiP, the sup-
pression from the weak annihilation vertex in the case of
D, meson V , is less compared to D meson V., As a
result of this, tightest limits on the mixing angles will be
provided by the D meson decays in the relatively lower
mass range.

Note that, if both of the like sign dileptons are not of
the same flavor (¢ # £,), then the process is not only
lepton number violating, but also lepton flavor violating.
Further, if the distance between N production and decay
points is large enough, then the two processes, M| —
N followed by N — ¢,x, will be separated. Assuming

this separation, the two processes M; — ££,n and
M, - ¢,¢x can be distinguished. While deriving the
bounds on the mixing angles for the case of £ # 5, we
are assuming this separation in our study. This is justified
as the decay width I'y is very small (hence the lifetime is
very large) in the mass range of interest. The allowed
mass range of N for the decay modes M| — ¢ £,z and
M, - 0,6 n are my, +m, <My <my —my, and
mg, +m, <My < my —mg,, respectively. We consider
both of the channels M|, — ¢,£,n and M| - £, 7 to
derive the bound on the mixing angle |V, yV x|

One important point to note is that we have considered
an idealized detector with 100% detection, reconstruction
efficiencies etc. to derive the constraints on the mixing
angles. The realistic constraints are expected to be weaker
and will only be feasible through searches by the exper-
imental collaborations, incorporating the detection,
reconstruction efficiencies in the actual experiment.
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IX. COMBINED SENSITIVITY REACH FROM
MESON DECAYS AND COMPARISON WITH
EXISTING CONSTRAINTS

In this section, we discuss the future sensitivity
reach from LNV three body meson decays. The combined
limits represent the strongest limits obtained in different
mass ranges of N. In Fig. 11, we show the combined
sensitivity reach for |V,y|> by the dark blue solid line.
This corresponds to the tightest constraints that can be
obtained from D, — eenr mode (by SHiP) in the lower
mass range 0.14 GeV < My < 2 GeV, and from B — eex
(by MATHUSLA), B. — eex (by LHCb) in the higher
mass range 2 GeV < My < 6 GeV. Note that, for the
lower mass range, SHiP can probe |V, y|> ~ 107, while
for higher mass range, MATHUSLA and LHCb can
probe |V, y|> ~1077. In particular, the very near future

accumulation of data (£ =300 fb~!) in LHCb can
probe |V,y|> ~ 1077, around My ~ 5 GeV. The sensitivity
reach of |V,y[?, as shown in Fig. 12, is very similar.
The combined limit represents the constraint from
Dy — uur, B — pur and B, — ppun decay modes that
can again be probed in SHiP, MATHUSLA and LHCb.
For |V ,y|?, the best sensitivity reach |V y|*> ~ 1077 can be
provided by MATHUSLA in B — rzz mode, while SHiP
and LHCb can give similar sensitivity reach with the mode
B. — tzz. The combined sensitivity reach has been shown
in Fig. 13.

The future sensitivity of [V,yV,n|. [V,.nV.v| and
|V .nV.y| are shown in Figs. 14, 15 and 16, respectively.
For |V,yV,y| mode, the lower mass range up to My ~
2 GeV can be probed by the channel D; — eux (by SHiP)
where sensitivity down to [V, yV,y|~107° can be
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FIG. 10. Future sensitivity reach and present limits on the mixing angles |V ,yV x|, |V,xVoy| and [V y|? with respect to the mass My
from meson decays B, B, — etx, B, B, — utn and B, B, — 7z, respectively at various experiments. The upper panel is for B meson
decay at SHiP (black), MATHUSLA (magenta), LHCb (red), FCC-ee (blue) and Belle-II (green). The middle panel is for B. meson
decay at SHiP (black) and LHCb (red). The left figure of the lower panel is for the bound on |V .y |? from B — 7z decay at SHiP (black),
MATHUSLA (magenta), LHCb (red), FCC-ee (blue) and Belle-II (green). The right figure of the lower panel is for the bound on |V |?

from B. — 7z decay at SHiP (black) and LHCb (red).

obtained. The RH neutrino of higher mass My ~5 GeV
and My ~ 6 GeV can be probed by B — eur mode (by
MATHUSLA) and B, — eur mode (by LHCb), with
sensitivity reach |V ,yV,y|~107". For |V V.| and
|V.nV.n| mixings, the sensitivity for the active-sterile
mixing angles are similar, as depicted in Figs. 15 and
16. These can be probed in LHCb, MATHUSLA and
SHiP. We note that the future limits from LNV meson
decays will be most sensitive in between 0.5 GeV <
My <2 GeV for |V,y[% |Vul* |VenVun|. For other
mixing angles that involve 7 in the final state, the best
limit can be obtained in relatively higher mass range
My ~5 GeV. We stress that LHCb and future experiments

SHiP, MATHUSLA can probe mixing angle of the z sector
in a region that is very loosely constrained.

A number of other constraints on the active-sterile
mixing have been obtained from peak searches, pion
decays, collider searches, etc. A variety of choices of the
heavy neutrino mass have been made in different articles
[29,31,33,38,91-105], which discussed the limits on
the heavy neutrino mass and mixing. We summarize the
existing limits from these articles. We only show the
constraints for the heavy neutrinos lighter than 10 GeV.
See Fig. 11 for the two electron, Fig. 12 for two muon, and
Fig. 13 for two tau final states, which constrain
\Venl?, [V,w|? and |V y|%. These bounds in the mass vs
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FIG. 11. Combined bounds (thick-blue solid) on mixing angle
|V.n|? as a function of mass M from all the meson decays. The
strongest lower limits from the Seesaw (green dashed) and BBN
(brown dashed) on |V,y|? are shown in this plot. The strongest
upper bounds on |V,y|*> are obtained from PS191 (magenta
dashed), JNIR (black dashed), CHARM (red dashed), DELPHI
(orange dashed) and leptogenesis (black dotted) are shown in this
plot. The shaded region is ruled out by these results. The
projected upper limits from the NA62 (blue dashed), GERDA
(dark-cyan dashed), FCC-ee (magenta dashed) and DUNE (pink
dashed) on |V y|*> are shown. Prospective bounds from the
FASER with detector radius R = 20 cm is shown by FASER20
(green dotted) whereas the limits from the R = 1 m are shown by
FASERI (green-dot dashed). Prospective upper limits from the
MATHUSLA at the FCC-hh for the W/Z boson decays at the
FCC-hh for MATHUSLA standard benchmark surface version
are represented by M-WZ-FCC-hh(S) (magenta-dot dashed) and
forward version M-WZ-FCC-hh(F) (magenta dotted). Prospec-
tive limits for the heavy neutrinos produced from the W/Z decays
are represented by M-HL-LHC-WZ (magenta-dot dashed) and
B/D meson decays are represented by M-HL-LHC-BD (magenta
dotted) at the HL-LHC.

mixing plane of Figs. 11 to 13 represent the theory
constraint from the seesaw (Seesaw) [106—-108], big bang
nucleosynthesis (BBN) [69,109,110], experimental con-
straint from CHARM [111-113], and DELPHI [114]. We
also show the future sensitivity reach of FCC-ee [115,116]
and DUNE (LBNE) [117]. The PS191 [118] limits for the
electron and muon flavors are shown in Figs. 11 and 12,
respectively. The JNIR [119] limit is represented by the
black dashed line for the electron flavor in Fig. 11. The
regions excluded by the present constraints are shaded in
gray. The limits from GERDA [120] on the mass mixing
plane in search of Majorana neutrinos from the neutrinoless
double beta decay are represented by the dark cyan line in
Fig. 11. Majorana heavy neutrino searches from the meson
decay in E949 [121] and NuTeV [122] can produce strong
bounds on the heavy neutrino mass-mixing plane. Lepton-
jet theoretical searches [123] for the Majorana neutrinos
with muon flavor can also put strong bounds. These bounds
are shown in Fig. 12 for the muon flavors. For the tau
lepton, the bound in the corresponding mass region from
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FIG. 12. Combined bounds (thick-blue solid) on mixing angle
|V,w|* as a function of mass My from all the meson decays.
Strongest lower limits from the seesaw (green dashed) and BBN
(brown dashed) and strongest upper limits from PS191 (yellow
dashed), E949 (magenta dashed), NuTeV (blue dashed),
CHARM (black dashed), Belle (red dashed) and DELPHI
(orange dashed) are shown in this plot. The shaded region is
ruled out by these results. The projected upper limits from the
NA62 (brown dotted), leptogenesis (black dotted), FCC-ee
(magenta dashed) and DUNE (cyan dashed) and FASER with
detector radius R = 20 cm is shown by FASER20 (green-dot
dashed) whereas the limits from the R = 1 m are shown by
FASER1 (green dotted). Prospective upper limits from the
MATHUSLA at the FCC-hh for the W/Z boson decays at the
FCC-hh for MATHUSLA standard benchmark surface version
are represented by M-WZ-FCC-hh(S) (magenta-dot dashed) and
forward version M-WZ-FCC-hh(F) (magenta dotted). Prospec-
tive limits for the heavy neutrinos produced from the W/Z decays
are represented by M-HL-LHC-WZ (magenta-dot dashed) and
B/D meson decays are represented by M-HL-LHC-BD (magenta
dotted) at the HL-LHC. Experimental bounds from the ATLAS
displaced vertex searches of the Majorana heavy neutrino for the
lepton number violating (LNV) channel are represented by
ATLAS-displaced (LNV) (light-blue dotted) and the limits
obtained from the lepton number conserving (LNC) channel
are represented by ATLAS-displaced (LNC) (sea-blue dotted).
Theoretical limits from lepton-jet search for 1 GeV < My <
10 GeV has been represented by lepton jet (13 TeV) (black
dashed). Corresponding limits for My > 5 GeV for the 13 TeV
LHC and 100 TeV are shown by LJ, 13 TeV (magenta-dot
dashed) and LJ, 100 TeV (magenta dotted) respectively.

EWPD [124-126] has been shown in Fig. 13. The decay of
tau lepton into heavy Majorana neutrino and meson can
also put bounds on the mass-mixing plane and can have
prospective limits marked as B-factory [92,95].% The
NAG62 [128-130] projection lines from the electron, muon
and tau are shown in Figs. 11, 12, and 13, respectively.
Such an experiment can be performed in the kaon mode and
beam dump mode [131]. This search is sensitive to the
heavy neutrinos that are produced in weak decays

“Recently, Ref [127] also put bound on |V, y|? using large
samples of eTe™ — v~ collected at B-factory experiments.
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FIG. 13. Combined bounds (thick-blue solid) on mixing angle
|[V.n|? as a function of mass M, from all the meson decays.
Strongest lower limits from the Seesaw (green dashed) and BBN
(brown dashed) on |V_y|? are shown in this plot. The strongest
upper bounds on |V, y|?> are obtained from CHARM (purple
dashed), EWPD (orange dashed), leptogenesis (black dotted),
DELPHI (magenta dashed) are shown in this plot. The shaded
region is ruled out by these results. The projected upper limits
from the NA62 (cyan solid), FCC-ee (darker-blue solid) and
DUNE (light-blue solid) on |V y|> are shown. Prospective
bounds from the FASER with detector radius R = 20 cm is
shown by FASER20 (black dashed) whereas the limits from the
R =1 mis shown by FASER1 (black dotted). Prospective upper
limits from the MATHUSLA at the FCC-hh for the W/Z boson
decays at the FCC-hh for MATHUSLA standard benchmark
surface version are represented by M-WZ-FCC-hh(S) (magenta-
dot dashed) and forward version M-WZ-FCC-hh(F) (magenta
dotted). Prospective limits for the heavy neutrinos produced from
the W/Z decays are represented by M-HL-LHC-WZ (magenta-
dot dashed) and B/D meson decays are represented by M-HL-
LHC-BD (magenta dotted) at the HL-LHC. The prospective
limits from the B-factory (red dashed and red solid) and IceCube
(darker-cyan dashed) are also shown in this figure.

0.100+
0.001 -

1075+

[Venw Vyunl

1077+

1079}

Combined

1071+

0.01 0.05 0.10 050 1 510
My[GeV]

FIG. 14. Combined bounds on mixing angle |V, yV,y| as a
function of mass My from all the meson decays. The other
strongest bounds on [V,yV,y| from BBN (magenta dashed),
PS191 (black dashed), NuTeV, CHARM (blue dashed), DELPHI
(orange dashed) are also shown in this figure. Prospective bounds
on \VeNVﬂN| from the ¢ — e (Ti) (green dashed) and y — e (Al)
(red dashed) are also shown for My < 10 GeV.
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FIG. 15. Combined bounds (thick-blue solid) on mixing angle

|V.nV.n| as a function of mass My from all the meson decays.
Upper limits from 7 — ez (magenta dashed) and 7 — e~ a7z ™"
(black dashed) are also shown for My < 10 GeV.
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FIG. 16. Combined bounds (thick-blue solid) on mixing angle
[V.nV.y| as a function of mass My from all the meson decays.

Upper limits from 7 — pzx (magenta dashed) and 7 — p~ 77"
(black dashed) are also shown for M, < 10 GeV.

[132,133] of mesons or tau leptons [69]. The upper limit on
the mass mixing plane from the leptogenesis [134] for the
minimal scenario with two right-handed neutrinos are
shown in Figs. 11 and 12, respectively for the electrons
and muons assuming the normal hierarchy of the light
neutrino masses. The upper limit on the mixing angle |V, N2
from Belle [88] are shown in Fig. 12. Projected sensitivities
(for the four events) of the MATHUSLA [83] detector in the
mass-mixing plane for the heavy neutrinos produced from
the W/Z decays at the FCC-hh for MATHUSLA standard
benchmark surface version (M-WZ-FCC-hh(S)) and for-
ward version (M-WZ-FCC-hh(F)) for the electron, muon
and tau are shown in Figs. 11, 12 and 13, respectively for
My > 2 GeV. We have shown the projected sensitivities in
the mass-mixing plane for the heavy neutrinos produced
from the W/Z decays (M-HL-LHC-WZ) and B/D meson
decays (M-HL-LHC-BD) for electron, muon and tau lepton
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at the HL-LHC in Figs. 11, 12 and 13, respectively. The
bounds on the mass-mixing plane from the FASER [135]
with detector radius R = 20 cm have been represented by
FASER20 and R = 1 m has been represented by FASERI1,
respectively for the electron, muon and tau leptons in
Figs. 11, 12 and 13, respectively. ATLAS displaced vertex
bounds on the |V, |* for the lepton number violating (LNV)
and lepton number conserving (LNC) searches are given in
12 [136]. The prospective upper bounds in the mass-mixing
plane for the tau lepton from the IceCube [137-140] for
My < 10 GeV are shown in Fig. 13. The projected sensi-
tivity (theoretical) on |V,,y|* for the lepton-jet search for the
for 1 GeV < My <10 GeV at the 13 TeV are shown in
Fig. 12, by the black dashed line, and the line labeled by
Lepton-Jet (13 TeV).The corresponding limits (theoretical)
on |V,y|? from another lepton-jet search [123] for My >
5 GeVat 13 TeV (LJ, 13 TeV) and 100 TeV (LJ, 100 TeV)
are also shown in Fig. 12.

We briefly summarize the current strongest experimental
bounds on the mixing angles such as |V, xV,y|, [VoyVenls
and |V,yV.y| for the Majorana heavy neutrinos in
Figs. 14, 15 and 16, respectively for My < 10 GeV.
Strongest bounds from the BBN [69,109,110], PS191
[118], NuTeV [122], CHARM [111-113], and DELPHI
[114] are obtained from the Majorana heavy neutrino
search for My < 10 GeV. The shaded region is excluded
by the results obtained from these experiments. The
prospective bounds from the y — e (Ti) and u — e (Al)
are shown in Fig. 14 from [141]. The limits on the mixings
from the = decay into hadrons in association with electron
and muon are shown in Figs. 15 and 16, respectively
from BABAR [142]. The limits from the 7 — exz and
7 — e~m " are shown in Fig. 15 and those obtained from
7 — unr and T — pu atx" are shown in Fig. 16, respec-
tively [143].

We stress that, in the relatively lower mass range, among
the experimental constraints, the tightest constraint on the
mixing angles |V,y|* and |V,y|* can be obtained from
LNV meson decays. These are however still 1 order of
magnitude weaker than the theory constraints from BBN
and Seesaw. For relatively higher mass range, our com-
bined bounds on the mixing angles |V yV,y|. [VenVonl
and |V,,y V| are the tightest bounds. As we have discussed
before, the LNV meson decays can probe the product of the
mixings |V,nV.n|, |[VeyVey| in higher mass ranges
My ~5 GeV, which are so far unconstrained.

X. CONCLUSION

We analyze the discovery prospect of a heavy Majorana
neutrino via lepton number violating meson decays M| —
£1¢5 't at various ongoing and future experiments, such as
NAG62, LHCb, FCC-ee, Belle-1I, SHiP and MATHUSLA.
The large number of decaying mesons in these experiments
may possibly result in an observation of the different rare

lepton number violating decays. Even their nonobservation
can be used to set constraints on the mixing coefficients
between the standard flavor neutrinos and the heavy mass
eigenstates. We explore in detail the effect of parent
meson’s velocity on the sensitivity reach of the active-
sterile mixing angles in the ongoing and future experi-
ments. We compare the resulting constraints on the mixing
angles for the case of meson decay at rest with that of
meson decaying in flight, with the former being much
tighter. We stress that significant difference in the mixing
angles can occur for experiments NA62, LHCb, and the
future experiment SHiP. Due to nonzero velocity of the
parent meson, the probability of the generated RH neutrino
to decay inside the detector changes. This alters the
sensitivity reach by more than an order of magnitude for
the above-mentioned experiments.

We explore a number of channels, B/D/D,; — uun,
B/D/D; — eex, B./D, —» eur, B — ttn, B/B. — etn,
B/B, — utr, and few others. We find that, for the mass
range My ~ 1 GeV, future experiment SHiP can probe
|V n|*> ~ 107, while for mass range My ~ 5 GeV, future
experiment MATHUSLA, and LHCb with 300 fb~! inte-
grated luminosity can probe |V, y|> ~ 1077, The sensitivity
reach of |V,y|? is very similar to |V,,y|?. For |V y|?, the best
sensitivity reach |V_y|*>~1077 can be provided by
MATHUSLA in the mass range 2GeV <My <3.4GeV,
while in the mass range 3.4 GeV < My < 4.4 GeV,
SHiP and LHCb give similar sensitivity reach. For
|VenV,y|, mass range up to My ~2 GeV can be probed
at SHiP with the sensitivity reach |V Vx|~ 107, while
highermass My ~5 GeV and My ~ 6 GeV can be probed at
MATHUSLA and LHCb with sensitivity reach |V 5V ,n|~
1077. The highest sensitivity reach on |V y V|, [Vn Ven|~
1077 can be provided by MATHUSLA and LHCb. The
combined sensitivity of the mixing angles [V, yV |,
|VenVey| and |V,5 V. y| from meson decays is tighter than
the other constraints available in a large range of heavy
neutrino mass.
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APPENDIX

The different partial decay widths of the RH neutrinos
N,; are

iy LM i 2
I(N;—¢7P ):Wfplqu’ Ve, IPFp(xe. xp),

(A1)
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R VE

GF N;
P(N; = £V =— = UV PIVew, PEv(xexy),

2 143
My,

4

T(N; = v,P%) =

2073
I(N; > v,V°) = 2
n

2M5

f%Z|Ufi|2|Vf1Nj PKBFp(x,,.xp),
i

N,
— %/Z|Ufi|2|Vlej|2K%/Fv(xW xp),
i

GF N;
L(N; = ¢7¢50,,) = Tﬂg/|Vf1Nj|ZZ|Uf2i|211(xfl’qu,XZZ),

2 g5

T(Nj = ve,6363) = =5 Ve P Uil (%, %o, %0,) + 2((95)% + (95)?)

My
1673

X Iy (x,, Xz, Xp,) +2((95)7 = (92)) 2 (%, Xe, X2, )]

GrMy,

In the above decay mode ¢ # £5:

2 Ag5
F

My,
[(N; = vaw) = 192”31 |VfNj|ZZ|Ufi|2,
i

m;

where x; = My

with m; = my, mpo, myo, mp+, m; The kinematical functions are given by

Ve, |ZZ|Uf]i|2[((9€)2 (G (x,, xe, x0) + (992 = () (3, Xy, )]

(=2 ds 22 2 Lo 2 2y 2
Ii(x,y,2) = —(s=x = y)(1 + 27 = s)2(s, x%, y*) 22(1, 5, 2%);
(

x+y)? S
(1-x)* ds

L(x,y,2) = yZ/

(2> S

Fp(x,y) = ((14+22)(1 +x2 = y2) —4x?)23(1,x%,)%);
Fy(x,y) = ((1=x2)2 + (14+22)y? =2y (1.22,)?).

Neutral current couplings of leptons are given by

1. 1
&= —Z+sm29w, A =1
Neutral current coupling of pseudoscalar and vector mesons is given by
1 1 1 1
0o = — N - - ) — 5 -~
" 2V2 To2v6 T43 o4
1

(1422 = 5)23(s5,y%, 22) (1, 5, 5%);
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