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Resonant Majorana neutrino effects in AL =2 four-body hyperon decays
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We computed the X~ — nate ¢~ (£ =e, u), 2~ - Ante"e”, and A - prTe~e” lepton number
violating (LNV) hyperon decays mediated by a resonant Majorana neutrino. The expected hyperon

production rate of experiments like BESIII of around 10°-10% may allow searching for these rare hyperon
decays at enough sensitivities. We illustrate the limits on the new heavy mixing parameters derived from
these hyperon channels and compare them with other LNV meson decays in similar mass regions of the

resonant neutrino state.
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I. INTRODUCTION

The study of hyperon decay properties had a golden
era some sixty years ago when Cabibbo proposed the
universality of charged weak interactions in semileptonic
decays [1]. Hyperon semileptonic decays were used to
measure the weak charges in strangeness-changing tran-
sitions and to extract the Cabibbo angle sin 0. On the other
hand, nonleptonic decays were considered to measure the
hyperon polarizations and to determine the final state
interaction phases [2—4]. The field of hyperon physics
was somehow abandoned with the advent of high intensity
kaon beams, which allowed to extract the Cabibbo angle
with reduced strong interaction uncertainties. Until the late
nineties, only a few searches of rare and forbidden hyperon
decays were reported [5]. In the last twenty-five years, a
few more data on allowed, rare, and forbidden hyperon
decays were reported by the HyperCP [6], NA48 [7],
LHCDb [8], KTeV [9], and BESIII [10,11] Collaborations.

The BESIII hyperon physics program has brought a
renewed interest in this field thanks to the large dataset
of baryon-antibaryon pairs produced in J/w and y(2S)
decays [10]. Owing to the non-negligible branching frac-
tions for these decays, the large production rate of these
charmonium states would allow the production of 10°~108
hyperon pairs of different species. This opens the possibility
of improving measurements of allowed and rare hyperon
decays that will set strong limits, for example, on the rare
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flavour changing neutral currents hyperon decays with
charged lepton or neutrinos pairs [10]. Similarly, searches
for forbidden (lepton number or baryon number) decays can
be pursued, allowing to test models that include the violation
of these accidental symmetries [10].

At present, the observation of neutrino oscillation
represents one of the most thrilling discoveries in particle
physics, setting new questions about the nature and origin
of their tiny masses. The most promising approach to
establish if neutrinos are their own antiparticles is to search
for lepton number violating processes (AL = 2), which
would be only possible if that is the case. Despite the
neutrinoless double Beta decays in nuclei, (Ovff) are the
most extensively studied and promising laboratory to give
an answer on this matter; alternative and complementary
searches for other lepton number violating (LNV) proc-
esses can also play a crucial role in current and future
experiments since they provide information on specific
energy windows.

In this paper we focus on the By(p4) — Bp(pp) X
1 (p1)?5 (p2)nt(p,) LNV decays (B, p denote hyperon
states, see Fig. 1). Specifically, we will consider the
following channels: X~ = nzte ¢~ (£ =-e, ), 2~ —
Arte e, and A — prTe~e™. These kinds of decays have
not been studied before, and they can be induced by the
resonant enhancement of intermediate mass Majorana
neutrinos." LNV hyperon decays of the form B, —
Bgf‘f’ ~ have been studied before in Refs. [31-34].
These processes are mediated by a virtual Majorana
neutrino and are similar to neutrinoless double Beta decays.

'"These novel channels extend the search of similar LNV
effects performed in semileptonic baryon, meson, and tau
decays [12-30].
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Ba(pa)

FIG. 1.

— Ante e, and A > prte e

Feynman diagrams for the four-body AL = 2 hyperon decays mediated by a resonant heavy Majorana neutrino N. We
consider the following channels: £~ — naxte ¢~ (£ = e, u), E-

. Note that diagram (a) is the

dominant one when the neutrino is on shell because its contribution is enhanced due to a resonance effect, opposite to diagram (b) where

the neutrino cannot become a resonant state.

On the other hand, resonant production of Majorana
neutrinos are possible for a limited range of their masses
in such a way that they can be produced on their mass shell.
Contrary to production of virtual Majorana neutrino proc-
esses with rates of O(G%), the rates for production of
resonant Majorana neutrinos becomes of O(G%) [12,18],
which allows to place better constraints of their parameter
space even with upper limits given by current experimental
sensitivities.

In the following we present the formalism to describe
these processes and introduce the integration method for
four-body decays, which extend the one followed in the
three-body case [12,18] and allows to properly account for
the different charged lepton’s flavor case. Given the clean
experimental signature, one may expect that very strong
limits can be set on the branching fractions of these decays,
similar to existing limits on other AL = 2 meson decays.
Therefore, it would be interesting to explore if similar limits
on the parameter space of resonant Majorana neutrinos can
be obtained from the proposed four-body hyperon decays.

II. COMPUTATION

Adopting the convention for the neutrino states on
Ref. [12], let us consider a scenario where the leptonic
sector incorporates a number n of singlet right-handed
neutrinos, Ng (j = 1,2, ...n), in addition to the usual three
left-handed SU(2) lepton doublets LY, = (v;,¢;), . In such
scenario, after the proper mass matrix diagonalization, the
charged lepton current relevant for our computation can be
written as follows:

ﬁW:_\f <Z ZUf,wﬂPL

C=eu,t i=
3+n

+ Z ZV NSy, Py >+H.c., (2.1)

f=e.u,t j=

where P; = (1 —y5)/2 is the left-handed chirality projec-
tor, N° = CNT is the charge conjugate spinor, and Uyj
(V) describes the lepton mixing matrix elements for the
light (heavy) neutrino states.

Similar to previous works, we base our analysis on
considering the case of a simply minimal scenario with
only one heavy Majorana neutrino N, with the correspond-
ing mass my and mixing with the charged lepton flavor
Ven (€ = e, p, 7).? The relevant diagram for the B4(p,) —
By(pp)¢7(p1)¢5 (p2)n (pr) LNV hyperon decays is
depicted in Fig. 1(a), and its amplitude can be written as
follows:

M, = (GVKINV.I,’ZanmN
a, + ilymy

)f,w(Pl,pz)H"(PB, Pa)Prs
(2.2)

where a; = (ps — pp — Pl)2 - mzzv, and py —pp—p1 =
Px + P> is the momentum carried out by the heavy neutrino
N, and we have defined G = G%vmvud. The leptonic and
hadronic parts are given by

Cw(prsp2) = a(p)yy (1 +7s)v(ps),  (2.3)

(2.4)

H*(pg, pa) = (Bs(pp)|Ju|Ba(Pa))-

The hadronic current J,, is parametrized in terms of six
form factors which are determined from the well-known
lepton number conserving hyperon decays B, — Bpt v,
(¢ = e, p) [39-42]:

“This minimal scenario is not able to explain the current data
coming from neutrino oscillation experiments but represents a
simple approach to encode the effects of a larger number of heavy
states present in well-justified massive neutrino models. Recently,
the interference effects in extensions with at least two heavy
neutrino states for three-body meson LNV decays have been
reported in [35-38].
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(Bg(pp)ulBa(Pa))

_ . 0ud”  4.f3(4%)
=u(pp) |f1(q*)r, +if2(q?) ;:lA + ﬂMA
. 6,wq"rs  4,93(q*)rs
+ 91(4*)7,rs +i92(q?) ”MA + - M, u(pa).
(2.5)

where ¢*> = (p4 — pg)?* is the squared momentum trans-
ferred in the hadronic transition, u(p,) and M, (a(pg), and
Mp) are the spinor and mass of the initial (final) baryon,
respectively. Nevertheless, the contributions of f3 and g3
form factors in Eq. (2.5) are negligible in comparison with
the other form factors since they pick up a factor propor-
tional to the mass of the charged-lepton m, involved in the
transition [39-41]. Furthermore, f, and g, are, in principle,
not negligible, but they become subleading in the
SU(3)-flavor symmetry of QCD [43,44]. Therefore, in
the following we will consider that the hadronic current
describing the hadronic transition in Eq. (2.4) is dominated
by the vector and axial form factors as follows:

<BB(pB)|J/4|BA(pA)>
(2.6)

Now, from neutrino and electron scattering off nucleons
it has been found that the observed distributions can be
described by a dipole parametrization. In such a way that an
extrapolation to the timelike region leads to

2) _a\7
n@=no(i-5)" e

2\ -2
@) =00 (1-5) . e¥

with myr = 0.84 GeV and m,, = 1.08 GeV. Since these
pole masses correspond to strangeness-conserving form
factors, a rescaling using the values of vector and axial
meson masses allows to assume that m, = 0.97 GeV
and my, = 1.25 GeV would be a good guess for the dipole
masses in the strangeness-changing case [39,40]. The
values of the form factors at zero momentum transfer,
f1(0) and g¢,(0), are given in Table I, and in the case of the
vector form factors they incorporate the effects of SU(3)
flavor symmetry breaking [39-42].

It is important to note that the amplitude ./\/ll in Eq. (2.2)
has a resonant effect when (p, + p,)? ~ m3,.” Besides, if

*For the B,(pa) = By(pp)¢i(pi)¢3(pa)a*(p,) decays
mediated by an intermediate neutrino state produced on shell,

its mass must satisfy that Mps + Mg Smy <my —mg — M-

= u(pe)rulf1(4*) + 91(¢*)rslu(pa).

TABLE 1. Vector and axial transition form factors for weak
hyperon decays at zero momentum transfer (¢> = 0) [39].

Transition f1(0) 91(0)
X" —>n -1 0.341
2o A /3/2 0.239
A->p —/3/2 —0.895

the experiment is unable to distinguish which lepton
was emitted at each stage for nonidentical charged leptons
or for the antisymmetrization of identical leptons, then we
also need to consider the diagram contribution with the
final charged leptons interchanged #(p;) <> £»(p,) in
Fig. 1. This second diagram has a resonant effect
when (p, + p;)? ~m3%. Since, in general, (p, + p,)* #
(pr + p1)?, it turns out convenient to apply the single-
diagram-enhanced multichannel integration method [45].
This method has been implemented for three-body chan-
nels. Here we generalize it to four-body decays, along the
same lines by defining the functions

oo, = UL [y
LM 4 M
Mo
=——— | M|, 2.9
s, |M1|2+|M2|2‘ | (2.9)

with M = M, + M,. In this way, Eq. (A3) can be
rewritten as |M|* = f ps, + fps,» and consequently, the
decay width is given by

= s [ rrsarsi+ [ fusars.

(2.10)

FBA —=Bpl 5t

with N = 1/2, (1) for the case where the two charged final
leptons are the same (different) particles. In our case, the
functions fpg, and fpg, can be written as follows (see
Appendix A for details):

fps, = (GVKII;IVKZA;f”TN)ZA
ay +Tymy
< [142 (aja, +Tymy)Cy + (ar — a)TymyCy
(a3 +T3m})A + (a3 +T3m3)B |’
(2.11)
frs, = frs,(P1 < p2), (2.12)

where the A, B, C;, and C, functions are reported for the
first time in Appendix A. Now, the phase space integration
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can be done for fpg, and fpg, separately and added up after
the proper phase space integration. Regarding the first
integral in Eq. (2.10),* this is described conveniently in
terms of the five independent variables (sg;, S2., 05, 02, @)
(see Fig. 1 in Ref. [46]):

(i) sp = (pp+p1)* and s, = (p> + p,)* stand for
the invariant masses of the Bp¢| and 5z systems,
respectively.

(i) Oz (0,) is the angle between the three-momenta of
Bg (7") in the rest frame of the pair Bp¢| (z1¢5)
with respect to the line of flight of the Bz (n7¢5)
in the rest frame of the particle By.

(iii) ¢ is the angle between the planes defined by the
B¢y and 7t ¢5 pair systems in the rest frame of the
particle By,.

In order to evaluate Eq. (2.10) we need to consider the
total decay width for the new heavy neutrino states. This
can be obtained by adding up the contributions of all its
partial decay widths (I'*™"") that can be opened at the
mass my [12],

Ty =) ™. e(mN - Zj:mj), (2.13)

1

where 6 is the Heaviside function, and m; stand for the
masses of all the final states particles involved in ™. Let
us illustrate this point by considering the £~ — nzte e™
channel; here, the mass of the resonant state must be inside
the range m,- + m,+ < my < my- —m, —m,-, then the
possible decay channels of the heavy N state (induced
by charged and neutral currents) that contribute to its total
decay width Ty are the following: N — #*2F, N — 7%,
N — ¢, N = 5650, and vg vb (with €, 61,6, =
e, p.). The analytical expressions for these partial widths
can be found in Ref. [12]; they depend on each particular
channel considered, and they are given as a function of both
the neutrino mass and the norm of the squared mixings
involved, that is, T = T (my, |V y|?). Then we have
considered the indirect limits on the mixing elements of the
heavy neutrino with the three charged leptons [47] in order
to estimate the total neutrino width, namely,

Vv £0.050, [V,y] <0021, |V, <0.075. (2.14)

Using the above values in Eq. (2.13), the total decay width
I'y varies from 0.07 neV to 4.4 neV into the resonant mass
region for the ¥~ — nxte~ e~ decay. The decay width is
very small compared with the mass of the new neutral state
[y < my, and since (p; + p,)* = sy, ¥ m%, in Eq. (2.11),

*The phase space variables for the second integral in Eq. (2.10)
are chosen conveniently as (sp,, S1,, 65,601, ¢) with the mass

invariants sz, = (pp + p2)°, and s1, = (p1 + pr)*.

the narrow width approximation can be applied. That
means that we can replace

1 T

_)
(520 = my)? + myT,

S(s0, — m,zv), (2.15)

mNFN

transforming the five-variable integral in Eq. (2.11) into a
four-variable one:

n(GVenVenSamy)? /
X
FNmN ﬁBlﬂZﬂ

% A 1 + 2 szvmjzvcl + FNmNa2C2
(a3 +T3m%)A +Tm3 B

/ Frs dPS) =

X dsg; dcosOg dcos 0, dg, (2.16)
with the following integration limits:
(mp +m)* <spp < (my —my—m,)*, —1<cosfp <1,
—1<cos, <1, —n<¢p<n.
(2.17)

This provides all the formalism we need to compute the
decay width and set the region of the parameters, given
on the expected experimental branching ratio, as we
show below.

III. NUMERICAL ANALYSIS

The projected sensitivity of BESIII for the search of rare
and forbidden hyperon three-body hyperon decays at
BESIII is of the order of 107°-10-% [10] with clean
backgrounds.5 However, there is not an estimation for
similar four-body hyperon decays. In this work, we will
assume an optimistic scenario considering similar sensi-
tivities for three- and four-body processes.

In Fig. 2 we show the exclusion region on the plane (m,,
|V,n|?) for the neutrino resonant state obtained by assum-
ing a rate of BR(B, — Bgnte~e™) < 1078 for the chan-
nels involving a pair of electrons in the final state. We have
considered here two benchmarks to evaluate the total
neutrino width. On one side, the solid lines represent the
universal coupling assumption, that is, we consider that
Vey = Vv = Vo in Eq. (2.13); therefore, the total neu-
trino width (and, consequently, the branching ratio of
the By, — Bzrte~e™ hyperon decays) can be expressed
only as a function of 'y =Ty(|V,y|*.my). On the
other hand, the dashed lines represent a scenario where
the total neutrino width is fixed to the reasonable value

It is also worthy to mention that these kinds of transitions
can also be searched by the LHCb Collaboration with higher
sensitivities because of the huge production cross section there.
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FIG. 2. Exclusion regions on the (my, |V,y|?) plane by assum-
ingaBR(B, — Bgznte”e”) < 1078 limit. The purple line stands
for the X~ — n"ne~e~ channel, the blue one for the =~ —
Azx*te~e™, and the cyan color for the BR(A — prte~e™) decay
(see main text for further details). The solid (dashed) lines
correspond to estimates considering a parameter’s dependent
neutrino width I'y (fixed). Notice that values where |V, y| > 1 do
not have a physical meaning. The shadow area just illustrates that
a sensibility of 107® for the branching ratio of the 2~ — Aztee
channel is insufficient to set bounds in that scenario.

'y = 107! MeV [consistent with the estimation of the
total neutrino width using the indirect limits reported in
Eq. (2.14)]. From this plot, we can observe that, in general,
the exclusion region will depend on which assumption we
considered, although in general, they are of the same order
for all the allowed mass of the resonant neutrino in the
different channels. In any case, the most restrictive limits
will come from the ¥~ — nzte~ e~ channel, followed by
A — prte~e™, and finally the much less restrictive 2~ —
Arte~e™ channel. Additionally, to the processes with a
pair of electrons in the final state, the ¥~ — nateu~
channel is the only possible kinematically allowed four-
body LNV hyperon decay. As we can see in Fig. 3, if the
search for this transition can achieve a rate of BR(X™ —
nate u~) < 1078, then the limits set on the plane
(my. |V,yV,n|) are much less restrictive than the dielec-
tronic case because phase space restrictions are more
stringent. For the case with two different flavors, notice
that the limits are split into two disconnected regions. The
left (right) region on Fig. 3, is associated with the case
where the muon (electron) was created along with the
resonant neutrino state, and the electron (muon) comes
after the subsequent neutrino decay. Overlap of these
regions can be achieved in other scenarios, provided the
kinematical conditions allow them to do so. The formalism
developed here allows to address both cases regardless
of invoking the direct narrow width approximation or not
(see Appendix B).

BR(X™ = nrte ™) <1078

10 : VA
i o
T —
;\ l" i "’
= 0.100}"._/
N ;
% [
= 0.010}
[ —— Iy =Tn(mn, Vin)
0.001F -
S N s 'y =107 MeV
107 : : : : ‘
140 160 180 200 220 240 260
my (MeV)
FIG. 3. Same as Fig. 2 but for the exclusion regions on the

(my, |V,nV,n|) plane by assuming the BR(Z™ — nate p™) <
1078 limit in the search of lepton flavor violating hyperon decays.

It is important to mention that despite the assumed
sensitivity (107%) for the branching ratio of the four-body
Bi(pa) = Bg(pp)?1(p1)¢7 (p2)x"(pz), hyperon chan-
nels studied here are around 3 orders smaller than three-
body LNV kaon decays K* — z~¢,#5°; the upper bounds
on the |V .y |?> mixings excluded by the present calculation in
the range of mass showed in Figs. 2 and 3 are significantly
less restrictive. This is owing to the phase space suppression
of the intermediate B, — Bpf/;N hyperon process in
comparison with the K+ — #; N channel.

On the other hand, our results exhibit that upper bounds
on the |V, y|*> mixings from these kinds of decays are
comparable with the ones obtained from three-body AL =
2 decays of (D", D}, B) mesons. Note that the current
advantage of the kaon system, triggered by its particular
features both theoretically and experimentally, results from
pioneering work that led to theoretical and experimental
control of their features.

To our knowledge, the hyperon decays are starting to be
explored for this kind of physics, then four-body hyperon
decays with AL = 2 can be searched in BESIII as a clear
experimental signal with charged particles and eventually be
used to constrain other models with lepton number violations.
On this matter, we envisage growing theoretical and exper-
imental efforts that may also lead to a competitive scenario.

IV. CONCLUSIONS

The search for AL = 2 processes is crucial for unrav-
eling the Dirac or Majorana nature of neutrinos. Except

®Current bounds for K* — 7~ete™ <53 x 107" and K+ —
g etut <4.2x 107! are reported by the NA62 experiment at
CERN in [48,49].
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possibly for neutrinoless double-beta decay in nuclei,
diverse neutrino mass models predict that LNV effects
can lie beyond the reach of current experiments. However,
if new hypothetical heavy Majorana neutrinos with masses
from ~100 MeV to few GeV can be produced on shell as
an intermediate state in LNV decays of mesons, baryons, or
the tau lepton, then their branching ratios can be amplified
due to a resonant effect. The no observation of such
processes sets limits on the parameter space of these
new heavy neutrinos states. In this regard, most of the
studies have focused on three-body LNV meson or tau
decays, however, recently the study of similar four-body
LNV channels has also drawn attention as complementary
means because they can provide information about differ-
ent kinematical phase space regions. In this work, we
studied the four-body LNV decays of hyperons mediated
by a resonant Majorana neutrino.

Our results suggest that the direct limits derived on |V, |?
from the ¥~ — nzte~e™ channel can be of the same order
(~1073) as those obtained from the meson decays, such as
DT — n7eTe™ and D — n~eTe™, but far from the current
most stringent ones from the semileptonic kaon decay
K+ — n~eTe*, which is around O(10~%) [18]. Moreover,
less restrictive limits on |V y|*> (~107!) can be obtained
from the A - pate~e™ and E= - Ante”e”, which are

comparable with the limits from the BT — 7~ e¢"e™ meson
channel. On the other hand, the ¥~ — nzte~u~ channel is
the only possible four-body LNV hyperon decay mediated
by a Majorana neutrino involving a muon as the final
state, but it places very weak constraints on |V, Vx| for
the small mass on-shell neutrino regions allowed, assuming
the expected sensitivity for rare hyperon decays of BESIIIL.
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APPENDIX A: AMPLITUDES OF FOUR-BODY
AL =2 HYPERON DECAYS

Following the Feynman rules for fermion number-
violating interactions reported in Ref. [50], the contribution
of the second diagram with the charged leptons inter-
changed in Fig. 1(a) is given by

GV nVenSmy
= 4 , 0o H*(pg, v, Al
M, ( g w (P> P2)H" (P PA) DY (A1)
with a,=(p4—pp—p,)*—m%. Therefore, M =M+ M, can be written as follows:
M = GV 5V fami(py) (— 20 BTN (14 75)0(p2) H* (pg. pa) P (A2)
! 2 z a + iFNmN ay + iFNmN r
The total amplitude squared is given by
IM* = ZIMF Z (JM; 2 + Mo + 2Re[ M M]]), (A3)
Spms spms
where the individual contributions can be written as follows:
- GV Ve nfmy)?*A
2 N Y ¢,NS N
T =5 S M = /o) 2
Splnb <a1 + NmN)
GVf vVenfamy)*B
TMGP =5 S IMoP = /) 2 (A4)
spms (a2 + NmN)
while the interference term,
) ayay +T3im3 +i(a, — a,)|Cym
M Mz (GVf NszanmN) (Cl +1C2)[ =2 A ( L 2)] N N, (A5)

(ai +T{my) (a3 + T{my)
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with the A, B, C;, and C, functions given by

A =64[f3q*)E + R (d*)E + f1(aP)gi(g)E]. (A6)
B=A(p, < pa), (A7)
Cy = 64[f1(q*)és + 91 (a%)és + f1(a%)91(4%)&e),
C2 = 64€ﬂui/)p%plfp%pﬁ[_(f% + g%)(rAJZ + rBJr)
+ f1(a*)91(g*)2(r1z + r22)], (A8)

and the following definitions:

& = mamp(miriy — 2r1,ra,) — ma(rairpy + rasrsn)
+ 272, (Fa1 7z + 27 axTB1). (A9)
& =& = 2mymp(miryy — 2riary,), (A10)

& = 2[mi(raorp) — rairpa) + 2r2(rairpe — razrp1));
(A11)

&y = 2mpampr o, + mzzz(rlerB — ra1TB2 = Fa2lB1)

= 28127 axBr + T12(Fa2T Bz + TarTB2)

+ 72, (FA1 "Bz + TaxTB1) (A12)
$s =& - zmAmB(m?zrn - 271757275)’ (A13)

&6 = 2[r1z(raarpr = TaztB2) + 12a(Fa1 7Bz = Tazte1)]-
(A14)
In the above expression, we have defined r;; = p; - p; with

p; and p;, denoting any of the momenta of the external
particles (thatis p; ; = pa, pg, P1> P2, Px)- Now, for the set
of variables chosen in Sec. II, the scalar products r;
involved in Eqgs. (A9)-(A14) are given as follows:

ij

1
rpp = E(SBI - m% - m%),
1
Yog = §<S2ﬂ _m% m%>’ (AIS)
1
rgy = 1(051 + oy + a3+ ay),
1
TBr = 4 () —p + a3 —ay), (A16)
1
2 *Z(al +ay — a3 —ay),
1
”1;:_1(051 - —o3+ay), (A17)
1 1
rAB—E(a5+a6)v Al —5(0‘5—0‘6)7 (A18)

1 1
a2 =§(a7+0‘8)’ T'Az ZE(%—QS), (A19)
€;wipp/éplfp%pfl =TV SBISZﬂﬂBlﬁZIL'X sin 93 sin 92 sin ¢’
(A20)
with the definitions
L,
aq :§<mA — SB1 _5271')’ (A21)
2 2
a, = X, cosO, + <m2 m,,) ap, (A22)
Sz
2 _ 2
ay = XPg, cosOp + <M> a, (A23)
SB1

2 2 2 2 2 2
my—m ms—m my—m
ay = < B l) ( 2 ”)al + < B 1>Xﬂ2ﬂC0592
SB1 S2x SB1

m5 —

2_ .2
+ ( m”)XﬂBICOSQB

S2x
— /55152, Sin O sin B, cos @),
(A24)

+ P12z () cosOpcosy,

1
as = ) <mA + Sp1 = S24)s (A25)

Qg = —ml <

> +Xﬂ31 COSHB, (A26)

1
a7 = 5( — 81+ 827)s (A27)
ag = ( ) + XﬁZn COS 92, (A28)
Sz
and

Ma,b,c) = a*+ b>+ ¢ =2(ab + bc + ac), (A29)

¥ ﬂ(m,%x, S321, S27z)1/2 ’ Bl = A(sg1, m%, m%)l/z ’

SB1
A5 m2. 12
oy = 22w 3 ) (A30)
Soz

APPENDIX B: COMPARISON WITH DIRECT
NARROW WIDTH APPROXIMATION
COMPUTATION

For completeness and as a cross-check of our compu-
tation, we have verified that for the cases where we can
distinguish the flavor of the charged lepton created as a
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product of the decay of the resonant state or the channels with two identical external charged leptons, the results using
the single-diagram-enhanced multichannel integration method can be reproduced by applying directly the narrow
width approximation,

where 7y is the lifetime of the intermediate neutrino state. In this case, the partial decay width I'(N — #577") can be
computed straightforwardly by [12]

G2
[N —¢3n7) = |Vud| Ve Pramyae(md m  m3)[(1 = x0,)? = xa(1+ x2,)), (B2)

with x, = m2/m3;, A is the Killén function defined previously, and f, is the pion decay constant. Regarding the subprocess
BA(PA) - BB(pB)f (p1)N(py) in Eq. (B1), the amplitude is given by

G
M(B4 = Bpt{N) = —7%Vusz,N<BB(PB)|JM|BA(PA>>L”» (B3)
with J,, hadronic previously defined in Eq. (2.6), and the leptonic current defined as follows:
L' =u(p,)r*(1 —vs)v(pw)- (B4)

The squared amplitude of Eq. (B3) is given by
IM]? = MM
= 32GE|V,|? |Vf1N| (mamp(gi(4®) = £1(4°)) + (f1(4*) = 91(¢*))*(p1 - PB)(Pa - PN)
I

+ (f1(g*) + 91(a»)*(p1 - Pa)(PB - PN) (BS)

Now, by defining s,y = (p; + py)? and s,53 = (p, + pg)?, the branching ratio can be expressed in terms of these two
Lorentz invariants as follows:

G%’|Vus|2|vf]N|2

BR(By —~ Byt iN) = CATm3T g

S1Bmax S1Nmax
/ / F (518 SIN)dslNdSlBa (B6)

S . N .
1Biyin IWNiin

where

F(s1p:S1v) = 2mamp(siy — mzzv - mf)

(-2 (1-2°

HON ) ]

dg df
2
f1(0 g:(0
+ (s1p =y =) + = 1) | LD 0O
(I—=2857 (1-35)
mdf md‘q
2
f1(0 g:1(0
+ (m% + mf\ —S15 = S1n)(S18 + Siv — mzzv - m%) [ 1 l(x,z 7+ 1 l(m)/ 2| (B7)
(-7 " (1 -
f 9
and the phase space integration limits are
1
Sip = My +mi — sy — m (m3 = mp = s1y)(s1y — mi +m3) £ \//l(mi, my, siv)A(s1y, mi, mg)} ) (B8)
and
(my +my)* < sy < (my —mpg)>. (B9)

Finally, the numerical values (central values) for the masses, lifetimes, and Cabibbo-Kobayashi-Maskawa matrix elements
used in our numerical analysis are reported in [51].
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