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Abstract We study the decay of heavy sterile Majorana
neutrinos according to the interactions obtained from an
effective general theory. We describe the two- and three-
body decays for a wide range of neutrino masses. The results
obtained and presented in this work could be useful for the
study of the production and detection of these particles in a
variety of high energy physics experiments and astrophysi-
cal observations. We show in different figures the dominant
branching ratios and the total decay width.

1 Introduction

The discovery of neutrino oscillations has been one of the
most spectacular new results in high energy physics, and so
far is the only compelling experimental evidence of the exis-
tence of physics beyond the Standard Model. The sub-eV
left-handed neutrino masses required by neutrino oscillation
data are very difficult to generate just by the addition of right-
handed neutrinos to the Standard Model, as the Yukawa cou-
plings should be very small compared to those of the other
particles. The introduction of intermediate fermion heavy
particles which are singlets under the SM gauge group—the
right-handed Majorana neutrinos—allows for the generation
of light neutrino masses by the seesaw mechanism [1-6].
For the conventional seesaw scenarios often studied,
the light neutrino masses are inversely proportional to an
unknown lepton number violating large scale My such that
my, ~ m% /My where mp is a Dirac mass connected with
the Yukawa coupling by mp = Yv/+/2, being v the Higgs
field vacuum expectation value. For Yukawa couplings of
order Y ~ 1 we need a Majorana mass scale of order
My ~ 105 GeV to account for a light v mass compati-
ble with the current neutrino data (m, ~ 0.01 eV). This
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scenario clearly leads to the decoupling of the heavy Majo-
rana neutrino N. However, for smaller Yukawa couplings
of the order ¥ ~ 1078 — 107, sterile neutrinos with
masses My ~ (1 — 1000) GeV could exist. Any way, in
the simplest Type-I seesaw scenario with sterile neutrinos,
this leads to a too small left-right neutrino mixing [7-9],
UZZN ~my/My ~ 10714 — 10719, These values are several
orders of magnitude smaller than the neutrinoless double beta
decay (OvBp) or collider bounds, as will be shown later.

Thus, as it was explained in [9], the detection of Majo-
rana neutrinos would be a signal of physics beyond the min-
imal seesaw mechanism leading to the well known vSM
lagrangian, and its interactions could be better described in
a model-independent approach based on an effective theory,
considering a scenario with only one Majorana neutrino N
and negligible mixing with the vy .

The possibilities of discovering heavy Majorana neutrinos
have been and are still extensively investigated, for example
involving production and decay in eTe™ and e~ P colliders
[10-17],in e” y and yy colliders [18-20], in hadron collid-
ers via lepton number violating dilepton signals [9,21-30],
and recently including new production mechanisms [31-33].
Some searches are currently being performed in the LHC
[34-37]. Also, we can mention recent inverse seesaw mech-
anism (ISS) [38—40] heavy neutrino production studies in
collider contexts [41-44].

The study of sterile Majorana neutrino decays is an issue
of great interest in different areas of high energy physics.
Besides the mentioned detection in colliders by lepton num-
ber violation, other kinds of searches exploiting the displaced
vertex and delayed photons techniques have been proposed
and are taking place at the LHC [45-52]. Also, searches in
neutrino telescopes like Ice Cube [53,54] have been pro-
posed, and the new decay modes and their relation with
the explanation of several anomalies as the sub-horizontal
events detected by SHALON or the anomaly in MiniBoone
[55,56] are being investigated [57,58]. In astrophysical envi-
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ronments, the cosmic and the diffuse supernova neutrino
backgrounds can be used to probe possible radiative decays
and other decay modes of cosmological interest [59,60].

With these motivations in mind, in this work we study
the decays of heavy Majorana neutrinos in a general, model-
independent approach in the context of an effective theory. In
Sect. 2 we present the effective operators and the analytical
decay widths obtained for the different two-body and three-
body channels. In Sect. 3 we present our numerical results
for the found decay modes, and discuss the bounds imposed
on the values for the effective couplings. Our final remarks
are made in Sect. 4. The complete effective lagrangian and
fermionic decay modes are left for the appendix.

2 Effective operators and decay widths

In this paper we consider the decays of a right-handed Majo-
rananeutrino N. Asitisa SM singlet, the only possible renor-
malizable interactions with the SM fields could occur via the
Yukawa coupling, which as we mentioned earlier, must be
very small if the vSM is to reproduce the observed tiny vy,
masses. In an alternative approach, in this paper we consider
that the sterile N interacts with the standard light neutrinos
by effective operators of higher dimension. We consider this
effective interaction to be dominant compared to the mixing
via the Yukawa couplings, so we depart from the traditional
viewpoint in which the sterile neutrinos mixing with the stan-
dard neutrinos is assumed to govern the production and decay
mechanisms for the N.

In this approach we parameterize the effects of new
physics beyond the standard model by a set of effective
operators O constructed with the standard model and the
Majorana neutrino fields and satisfying the Standard Model
SU(2) ® U(1)y gauge symmetry [61]. The effect of these
operators is suppressed by inverse powers of the new physics
scale A-which is not necessarily related to the mass m y-for
which we take the value A = 1 TeV [62].

The total lagrangian is organized as follows:

o0
1 ()
LZESM+ZGA”_4ZaiOi . (D
n= 1

For the considered operators we follow [9] starting with
a rather general effective lagrangian density for the interac-
tion of right-handed Majorana neutrinos N with leptons and
quarks. All the operators we list here are of dimension 6 and
could be generated at tree-level in the unknown fundamental
high energy theory. The first subset includes operators with
scalar and vector bosons (SVB),

Orng = @ O)NLiNG), Onng =i(¢ Dudp)(NyHN),
Oneg = i(¢p"€Dyup)(Nytep) 2)

@ Springer

and a second subset includes the baryon-number conserving
four-fermion contact terms:

Oaune = iy ui)(Nye), Opnn = (fiy* i) (NyuN),
Ornte = (LiN)e(Lie;), Opnoa = (LiN)e(Q:d;),
Ogunt = (Qiui)(NL;), Ognra = (QiN)e(Lid;),

Oy = INLil%, 3)

where ¢;, u;, d; and L;, Q; denote, for the family labeled i,
the right-handed SU (2) singlet and the left-handed SU (2)
doublets, respectively.

In addition, there are operators generated at one-loop level
in the underlying full theory whose coefficients are naturally
suppressed by a factor 1/1672 [9,63]:

00\ 5 = No"'N°By,,
Ong = (Lo" N)$Byuy. Oyw = (Lot N)gW,,,.
Opn = (LD,N)D"$, O\ = (D,LN)D"$ . (4)

2.1 Two-body decays

The two-body decay channels for the heavy Majorana neu-
trino N are shown in Fig. 1. They receive contributions from
the lagrangian terms originating with operators involving
gauge bosons and the Higgs field, presented in (2) and (4),
that lead to the effective lagrangian presented in (A1) and
(A3).

The analytical expressions obtained for the decay widths
of channels N - vZ, N — [TW~, N — vh shown in
Fig. 1 are

PN () () 2 (el =R 1y,

+ S(ag‘z —agz))(agz)CW—agl)SW)(l—)’Z)\/YZ)’U
+16(2+ yz)yv(a(Lizcw — ot(Lil)SW)z]

with yz = mZZ/m%V and y, = v2/m12\,;

ol my (My\*

with yy = m%v/m%,
s Imy s VN\* ()2
pN=vik) — 8 <K> ay (1= yn)

with y, = m%/m%\,
Finally, we have the decay mode to a photon and an ordi-
nary neutrino, N — vA:

o 1 (v manNt i
FN viA — E (m) (T) (agl)cw —{—(X;‘lz)SW)z, (5)

This decay mode leads to an interesting phenomenology, part
of which was discussed in [58].
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(a) A, Z

Fig. 1 Two-body decays with gauge bosons and Higgs field

\N|

w+

(b) we

Fig. 2 Three-body decays with two gauge bosons and ordinary neutrinos

It is important to take into account here that the W and
h resonant contributions to other decays, as can be seen in
Fig. 5(a), (b) were already included in those decays and will
not be added to the total width.

2.2 Three-body decays

The three-body decays of the heavy Majorana neutrino N
involving gauge bosons and the Higgs field receive contri-
butions from the lagrangians presented in (Al) and (A3),
whereas the decays to three fermions come also from the
operators presented in (3). The effective model we are work-
ing with also gives tree-level contributions to four-body
decays, but as their contributions are very small, they are
not presented in this work.

The three-body decay channels involving gauge bosons
and ordinary neutrinos are shown in Fig. 2; (a) and (b) N —
vWHTW~,(c)and (d) N - vZZ,and (&) N — vZA.

The analytical expressions for the decay widths are

dFN—)v,-WJrW’ 2

_my my 4 X

dx ~ 614473 ( A ) (1 —x)2ywy
X ((1 = x)(1 —x — dyw)'/?

x [16a§§2(3 — (1 = x)?
+4(1 — x)yw — 8y%)
+31a9 1 21 —x)((1 — x)?

—4(1 — X)yw + 12y§V)]

It 1%
N
T
W= (©) ~_h
7 A v
7
h N /\/J:f
)
Z Z
(e)
v
4
@ Z

%0{4(:) l—x—yhr; /Y yTy Yry = F%V/miz\/
In this process we discard the N — [W followed by the
| — vW SM vertex contribution, because the amplitude is
proportional to the intermediate lepton mass, and thus neg-
ligible in comparison with the diagrams shown in Fig. 2(a),

(b).

~) _ @
where@® = ap,+

drN—-vizz my (mN>4 afme
= o Yz
2 2
dx 64 A Sy

Q! 2
308 yo(1 = x = )
(1 —x —yn)%+ ynyr,

X <a§2 +

+( 3arg Yo/ )

(1 —x — yn)% + ynyr,

2 2
Y 2+(1—x—2yz)
(1—2x) 4y

X ((1 —x —2yz)* — 4yH)1?

2

with «®”8 being the electromagnetic constant, and yr, =
F}ZZ /m%\,.

drN—vizA

_ my myN® @) )?
dx 3273 (T) <CW°‘L1 +SW“L3)

(= x4 2y7)(1 = x =y
(1—-x)3 '

The three-body channels with Higgs fields in the final
state are shown in Fig. 3 (a) N — vhh, (b)) N — [TW™h,
(c) N — vhA,and (d) N — vhZ. The obtained expressions
for the decay widths are

@ Springer
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=

=

Fig. 3 Three-body decays with gauge bosons and Higgs field

v I with0 < x < 1 — yj;
h _
- - ' N /\/\/W
dx 21473 \A 4
p h . x [(2—x>(1—x+yh+2yz)(1—x+yh—yz>(x2 — 4yh)1/2]
- 14
- I—x+
- vz ( Vi)
h N o Y
> N\
A
(©) A Z (d) with 2/ < x < 1+ y, — y,. This decay width is
y

obtained from the diagram shown in Fig. 3(d), as this
contribution involves a tree-level vertex coming from the
lagrangian (A1) and a SM vertex, and is dominant compar-
ing to the one-loop level term coming from the lagrangian

—; )2 2
dFNd e = lz‘gi"; W;N (L) (”j\_N)“ x2 (A3), that would give a vertex as the one shown in
X T my Fig. 3(c).
(1 —x —2y,)% — 4)’1% )12 The three-body decay channels with two gauge bosons and
1-1x) charged leptons in the final state are shown in Fig. 4, where
N — ITW™A, Z. We cannot obtain analytical expressions
with0 < x <1 —4y;; for these decay widths, and we have done numerical integra-
) tions of the phase space in the usual way using the numerical
drv=awh mNaé’V)z my\*4 | 2 routine RAMBO [64].
dx T 76873 (T) (@ =x =y Some of the three-body decays involving only fermions
—2(1 —x + yn)yw + 4)’12)V)1/ 2 in the final state come from the four-fermion contact opera-
tors presented in (3). These operators lead to the tree-level
X |:(3 —X) ((1 —x — )+ yﬁ,) + (6 — 3y lagrangian in (A2).
5 The partial decay widths of a heavy Majorana neutrino
Sx(=11+5x + }’h))yw:| X ’ N de.cayl.ng tc? three ferm.lons were c.alculated including the
(1 —x)? contributions in the effective lagrangians (A1) and (A2). The
decay channels are shown in Fig. 5. As was previously men-
tioned, the diagrams (a) and (b) show the resonant contri-
drN—vidh my (my\* o \? butions coming from two-body decays to W and & bosons.
dx = 19273 (T) (CWaLl * SWaL3) The analytical expressions obtained were presented in our
(1—x— yh)3 x3 previous work [58], and for completeness we display them
o —x)3 in Appendix B.
I 5 W Ias
‘ " /4_/_[
W, I+
N . N N O »
A Z )
(a) 4,2 (b) (©)

Fig. 4 Three-body decays with two gauge bosons and charged leptons

7 d I+, 0,00t
/\//ZL u,d, 1—
N_<_04 N N
P \/\,\7,7’ d, v
(a) (b) ()

Fig. 5 Majorana neutrino decaying to three fermions
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3 Numerical branching ratios and total decay width

The numerical results for the Majorana neutrino branching
ratios and total decay width are presented in the following. In
Figs. 6 and 7 we show the results for the branching ratios for
the different decay channels found in the previous section.
We display the branching ratios as a function of the Majo-
rana neutrino mass my, calculated for different numerical
values of the constants ab. In all the following results, when
ordinary neutrinos are present in the final states, we sum the
contributions of the neutrino and antineutrino channels. It is
important to realize that, as we explained in the introduction,
we are neglecting the contributions of the N—v; mixings
compared to the effective interactions. In this condition the
effective contribution to the branching ratios that we present
here are dominant for the scale A = 1 TeV considered and
for the values of « allowed by experimental data, as will be
explained in the next section.

10°

10-*

10-3

10-4 1 | 1 | 1 | 1 | 1 | L | L | L
0 100 200 300 400 500 600 700 800

my [GeV]

(a) Three fermions and neutrino-photon decay channels.

10 T

102 |-

10~ |

| 1 | 1 | 1 | 1
1] 100 200 300 400 500 600 700 800

my [GeV]

(b) Massive gauge and Higgs boson decay channels

Fig. 6 The Branching ratios for the Majorana neutrino decay in the set
A considering the sum of families

10° e m—
. H ! )
10l !', W vh -
. 1 ]
10-2 - 1
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o o __ NA=1 TeV —-
m L QV_/_J_I ]
104 }
i vZ i
105 f p
L i ]
L :
10-¢ i ‘ : ; ‘
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Fig. 7 The branching ratios for two-body decays considering the sum
over families

The values for the coupling constants « are limited by
bounds coming from electroweak precision data (EWPD)
and OvBB-decay data. In order to simplify the discussion we
consider just two numerical sets of values: in set A the cou-
plings associated to the operators that contribute to the OvS8-
decay are restricted to the corresponding bound, agl‘)’ggd ®)
and the other constants are restricted to the bound determined
by EWPD ag%‘\}g% (9) (see next section). In the case of the set
B all the couplings are restricted to the Ovg88 bound aggggd,
which is the most stringent. The branching ratios, being quo-
tients between partial widths, take very similar numerical
values for the two sets.

In Fig. 6a we present the branching ratios of the three-
fermion and photon—neutrino channels for the couplings set
A. These are the only open channels for Majorana neutrino
masses below my . As it can be seen, for low my the domi-
nant mode is the decay of N to a photon and a neutrino. Taking
the values of the couplings a® to be equal for every family
i, and also for every tree-level coupling «"®¢, and taking the
one-loop generated couplings as a!1°P = ¢'"¢/1672, we
derived an approximated expression for the ratio between the
widths T(N — v(9)A) in (5) and T'(N — [Tid) in (B1):

[(N=v(@D)A) ) ( v

2
2
T(N=lFad) 157 H) (ew +sw)”.

This limiting value explains the behavior found in Fig. 6a,
showing the neutrino plus photon decay channel is clearly
dominating for low my (in [58] we verify that this channel
still dominates over the decay of N to QCD-mesons like
pions). This is an interesting fact since we have a new source
of photons in astrophysical environments. The implications
of this new channel for the MiniBoone [65] and SHALON
[66] anomalies were discussed in our previous work [58].

@ Springer
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Fig. 8 Total decay width with coupling constants in the set A (solid
line) and set B (dashed line), and A = 1 TeV

Figure 6(b) shows the massive gauge and Higgs boson
decay channels for the N. The branching ratio for the N —
vh A mode is smaller than 1 x 10~ and is not visible in the
plot.

For completeness we present the branching ratios for the
two-body decay channels. As we explained in the previous
section, the N — vh, W channels are not included in the
total width, as their contribution has already been taken into
account in the channels where the W and & bosons participate
as intermediate resonant states.

Finally, Fig. 8 shows the total decay width dependence on
the mass m for both coupling sets considered, and again a
sum over families and channels with particles and antiparti-
cles in the final state is performed.

3.1 Bounds on the couplings aég

The effective couplings ozéo can be bounded exploiting the
existing constraints coming from neutrinoless double beta
decay (OvBp), electroweak precision data tests (EWPD),
low energy observables as rare lepton number violating
(LNV) meson decays and direct collider searches, including
Z decays. We explain here in detail how we take account of
the existing bounds for the sterile-active neutrino mixings
and turn them into constraints on the effective couplings
aéo. In the literature, the bounds are generally imposed on
the parameters representing the mixing between the ster-
ile and active left-handed ordinary neutrinos. Very recent
reviews [7,8,16,67] summarize in general phenomenolog-
ical approaches the existing experimental bounds, consid-
ering low scale minimal seesaw models, parameterized by a
single heavy neutrino mass scale My and a light-heavy mix-
ing Uy, with [ indicating the lepton flavor. In the effective
lagrangian framework we are studying, the heavy Majorana
neutrino couples to the three fermion family flavors with cou-

@ Springer

plings dependent on the new ultraviolet physics scale A and
the constants ozé,’)). We can interpret the current bounds com-
paring our couplings with the general structure usually taken
for the interaction between heavy neutrinos with the standard
gauge bosons [68,69]:

EW = —%Z]/MU[NPLNWM + h.c.

L7=—-2 5,y UNPLNZ, +h.c. 6)
2CW

The operators presented in (2) lead to a term in the effective

lagrangian (A1) that can be compared to the interaction in (6)

for the weak charged current, giving a relation between the

) ()2
coupling ozg,) and the mixing Uy : Uy = Sw o [9]. Never-

2
theless, as we are neglecting the N-vp, neutzri\no mixing, no
operators lead to a term that can be directly related—with
the same Lorentz—Dirac structure—to the interaction in (6)
for the neutral current (nor at tree or one-loop level). Some
terms in the lagrangian (A3) contribute to the Z N v coupling,
but as they are generated at one-loop level in the ultraviolet
underlying theory, they are suppressed by a 1/1672 factor. In
consequence, we take a conservative approach and in order to
keep the analysis as simple as possible—but with the aim to
put reliable bounds on our effective couplings—in this work
we relate the mixing angle between light and heavy neutrinos
(Uen, Uyn, Urn) with the couplings as U % where v
corresponds to the vacuum expectation value: v = 250 Ge V.

As has been remarked in [7,8], the bounds for low ster-
ile neutrino masses, coming from beam dump and rare LNV
decays of mesons, are heavily dependent on the decay modes
considered. As the effective lagrangian we are considering
leads to the decay mode to a photon and an ordinary neu-
trino, those bounds do not apply in this work. For my in
the range above a few hundred GeV, the electroweak pre-
cision data involving lepton number violating processes put
the most stringent bounds on the neutrino mixings, except
for the coupling constants of the first fermions family where
the most stringent limits come from OvgS-decay. For the
second and third families, we find that the most restric-
tive are the EWPD constraints. In the following we explain
how these bounds are translated to the effective couplings

aly.

OSome of the considered operators contribute directly to
the neutrinoless double beta decay (OvB8-decay) and thus the
corresponding coupling constants, involving the first fermion
family i = 1, are restricted by strong bounds. We explicitly
calculated the implications for the effective couplings in our
lagrangian.

In a general way, the following effective interaction
Hamiltonian can be considered:

H = Ger ul'd eI'N + h.c. @)
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where I' represents a general Lorentz—Dirac structure. Fol-
lowing the development presented in [70] we find

Getr < A x 1078 (10':%)1/2 Gev 2

where the numerical constant A depends on the nuclear
model used and the lifetime for the OvBB-decay. We take
the most stringent limit 7, o = 1.1 x 10% years obtained
by the KamLAND-Zen Collaboration [71].

In the effective theory we are considering the lowest order
contribution to Ovgg-decay comes from the operators con-
taining the W field and the four-fermion operators with
quarks u, d, the lepton e, and the Majorana neutrino N. These
operators contribute to the effective Hamiltonian (7), with
Geff = %, which, as we discussed in the paragraph after
Eq. (6), is related with the mixing angle between light and

<%>2 We find that the value
A = 3.2 fits very well the bounds obtained for the mixings
[7,72] in the literature.

We can translate the limit coming from Gegr on ag),

which, for A = 1 TeV, is

: 2
heavy neutrinos as U’y =

N )1/2 ®)

iy’ =32 x 107 (e

On the other hand, to consider the existing bounds com-
ing from collider, electroweak precision data (EWPD) and
lepton-flavor-violating (LFV) processes we define, follow-
ing [73]: ;y = Uy Uy y where the allowed values for the
parameters are [74]:

Qe < 0.0054, Q,, < 0.0096, Q. < 0.016.

For the LFV process, e.g. & — ey, 4 — eee and T —
eee, which are induced by the quantum effects of the heavy
neutrinos, we have several bounds [27,67,75,76] but the most
restrictive one comes from Br(u — ey) < 5.7 10713
[76,77]. This bound imposes [2.,| < 0.0001, and can be
translated to the constants «,

2\ 2

av
) < 0.0001,

Qeu = UENU}LN = (5?
and for A = 1 TeV we have
abound < .32, ©)

In order to simplify the discussion, for the numerical eval-
uation we only consider the two following situations. In
the set we call A the couplings associated to the operators
that contribute to the OvBf-decay (Onep, Ouunes Ogunt,
Ornod, and Ogyrq) for the first family are restricted to

the corresponding bound aggggd and the other constants are

restricted to the bound determined by EWPD ol In
the case of the set called B all the couplings are restricted
to the OvBB bound agﬁggd, which is the most stringent.
For the I-loop generated operators we consider the cou-
pling constant as 1/(167%) times the corresponding tree-
level coupling: o' 719°P = "¢ /(16772). Thus, for the oper-
ators Opy, Oyw and Opy, which contribute to OvBfS, we
have

@B @ @

bound
Oy ¥y,

1672 0

for fermions of the first family. For the remaining operators
we take

bound bound
@~ CEwpD» X0upp

in the sets A and B, respectively.

4 Final remarks

Searches for heavy neutrinos often rely on the possibility that
they may decay to detectable particles. The interpretation of
the corresponding results of such searches requires a model
for the heavy neutrino decay. In this work we consider an
effective approach for heavy Majorana neutrino interactions,
and we calculate the branching ratios for the different decay
modes.

Depending on the Majorana neutrinos mass scale, the
decay can have effects on different physical contexts like
solar/astrophysical neutrinos, collider searches like the those
taking place at the LHC, neutrino experiments as OPERA,
MiniBoone, SHALON, etc. In particular, the effects on some
of this experiments for low mass neutrinos were discussed in
[58].

Summarizing, we calculated the decay modes for the
Majorana neutrinos N in an effective theory approach. We
presented the analytical results for the dominant channels,
discussed the existent bounds taken into account for the effec-
tive couplings, and displayed the different branching ratios
and the total decay width for the heavy sterile neutrino con-
sidered.
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Appendix A: Complete effective lagrangian

The one-loop level generated operators in (4) give the

lagrangian:

We present here the complete effective lagrangian obtained
from the operators listed in (2), (3) and (4). The full contri-
butions are considered for the total Majorana neutrino decay r!

1 N3 3v
Etsr?/eg = A2 {Ol((/)l) (23— vpiNph+ —= Zﬁ v iNR hh
1
+ 2\/5 VLzNR hhh)

2
_ (N mz v 1
Olz( (Nry NR)( - ZM> -+ vh + 5hh
1
+(NR)/”NR)< P"h+ zP(h)hh))
—a%,)(NRy“lR)( i YW+ 2my W h

+2iﬁw;hh) —l—h.c.}. (A1)

In (A1) a sum over the family index i is understood, and the
constants ag) are associated to the specific operators:

az =anng. af =y, o =ay,.

The four-fermion contact operators presented in (3) lead to
the tree-level lagrangian:

Lareef — 1\12 {“VodeV uRlNRyMlR, +av lRly lRlNRy,LNR
+Ol$2Li)/ LiNRyuNg
+ otg)ftR V" uriNRY,Ng +Ot$367R,iV”dR,iNRVuNR
+ay, 0iy" QiNRYuNR
+ Ols)(VL iNrep ilri —eriNRVLilR i)
+ots)(uL iUR, leL i +dL iUR, ,NeL i)
+ OlS)(VL iNgdyp idg; —ér,iNgiip idR.;)
+Ols )(iir,iNreL idr,i —dr,iNrL idR.i)
+ Ols)(NRVL ilpiNR + Ngep iér iNg) + h.c. } (A2)

In (A2) a sum over the family index i is understood, and the
constants aéf)) are associated to the specific operators:

(@) (@) (@) (@) (i) (i)
Ayy = YquNer Xy; = Xenns> Ay, =ApNN»

@) @) @) @) @) @)
Ay, =QunNy Ay, = AgnNs Xyy = XN

@) @) @) @) @) @)
Osy = ApNer Xsy = Xounpy ¥s, = X noa:

(i) (i) (@) @)
Og, =QoNLd» Y5, = XLN-

@ Springer

@)

—loop __ OlL| ( f (A) = v
; - = — (—iv2vew P, v jo""Np A
width T'y, et A? " ' !

+iv2vsw PP B 0" Nk Zy+
—iﬁCWPIEA) I_JLJO'MVNR Avh

+i\/§SWpﬁ(LZ) \j'Lq,‘O‘MVNR th)

(@)

o

Lz (N5, NpZlt e pN)5 N zH

— P,"vp iNRZ'+——P" v, iNRZ"h
( ! \/EU '

©w w
+my PN, iNg W™ “+[ Y PMIL i NgW™Hh

1
+ ﬁplih)P(Nm vr,iNg /’l)

i
- Oj\() ( fvch( ) v, io""Ngr Z,
+iv2vsw PV DL ;0" Ni A,
+i2v2my By ;0" N W, W,
+ivV2oPM) I jo" ' N W,
+idmyew Ipio""Ng W, Z,
+idmysw L i0" N W A,
+ivV2PM) I 0" Ng W, h
+i2gew Iy ;0" Ng W, Z,h
+i2gsw Ip.ic" " Ng W, Auh
+iv2ew P{? VL i0" N Zh
+iv2sw PSY DL 0" Ng Ah

+iv2g Br ;0™ Ng W;W;h)

(l)
L4 (mz Py vL,iNR Zy

N
+ —ﬁv Z(PY — PM) 5Nk Z1h
1 _
+7P(h)p'P(v) l_)L,'NRh
V2 e
2m? m?
W= —uyt =
- b iNgRWHWT — —2 5, Ng Z,Z"
v L,ilVR m \/iv L,iIVNR L
1 m2
_gTZ bLiNR ZyZ"h
2m?
— =% 0L Nk WiW " h
v

+mWPIEI_)W_“ l_L,,‘NR
+ (P — PPYW T I Ne
+emy l_L iNgr W_’“A +emzsw l_L,,‘NR W_HZM

emzsw

+ lL,NRZWMh

emyzcwy

J’_
V2v

lL,NR A W™ Hh) + h.c. (A3)



Eur. Phys. J. C (2016) 76:453

Page 9 of 10 453

where P is the 4-moment of the incoming a-particle and
a sum over the family index 7 is understood again. The con-
stants “g,)- with j = 1,2, 3,4 are associated to the specific
operators:

@) (@) (@) (@) (@) () @) @)
O‘Ll. _al\l/B’ O‘le—“ISN’ O‘ng—“le/Wv Ar, = %N

Appendix B: Fermionic three-body decay widths

For the decays to one lepton and two quarks we have the
expressions

dr (N—IFid)

ar _ my (m_N>4 (I —=x =y +yu)
dx ~ 51273 (1—x+y)3

x {1 = x 3= o) e (1 = x4 )2

+ 126512 = x)(1 = x + y1)/31Va
+ bt 2x3 = X254 Sy 4 yu) — 4L+ v+ 2y0)

+ X3+ 10y + 397 + 3y + )|

+ 2dafe(1—x + 307 /303 | (B1)

with 2./37 < x < 1+y1—yu, yi =mi/m%,, y, = m2/m3%,
and for the coefficients oy, 4
ot = (agu)z +al? asg'u)ag'u)) Siuil
iu,i < (1u) (iy) yW(l —X+y— yW)
z L T
a(lu) OU)) Slu R

53

aguail — <a§;M)2 _{_4“8;)2) 6iuyil

iz Y —x+y—yw)
+4ay, 5
(I—=x+y —yw)+ywyry
Oliu’i[ — S(é,,) (lu)SIu,ll
dr (N—vdd)

my (mN>4x ((1=x)(1 — x—dy )'/?
dx = 12873 4 (1—x)2

x [87114a2(3 + x(=5 + 2+2y0))
+ 6 (@47 gl — gl ol )
x (1= (1 = x =2y

with0 <x <1 =4y, yg :mﬁ/m%,, and

2
&iz,izﬂ _ <811,lda(11) —i—a(”) (I—x— yh))
D
+a (11)2 Zygzrh’

dilqid 2 (lz) c?
2 % D
&él,id — 81[,lda(l1) -I—O[(ll) (1—x— Yh) ’
Dy,
Yh = mh/mN s Yoy = F%/m%\,,
3gv2md
Dp=(1—x—y)+yyr,, c= ————,
Y YT 4\/§m%\,mw
dr vy (mN>4 sinin2 3.2 (1 _Hu 1z
—_ o’ u —X -
dx 12873 2 (1—x)
X(1—x = 2y,)8i,.i
with0 <x <1 —4y, and
2 2
Givin? — giniug 02 | o2 38VMu
5 Dy, 4«/§m%\,mw

The purely leptonic decay gives

dr (N—I%leptons)

dr __my (m_N)4 (L —x+y — )’
dx 153673 1—x+y)?

XX [a’l"’i”P(x) — o R(x )]

with2 /3] < x < L+y —yp, yi =m7/m%, yp = mp/m3%,
and a1 »; and for the terms P (x), R(x) we have

2
40(3}) y%v

A —x+y —yw)? +ywyry
alzl dr _ = 124, (z,/) 311) (I—x+y _2)’W)
(I =x+y—yw)™+ywyry
P(x) = 2x7 —x*(5+ Sy + yi) — 4y (L + v +2yp)
+x(3 + 10y + 3y7 + 3yr + 3yiyw),
R(x) = Q2 —x)(1 —x+ )y

iy (i)2 siip
o =ag e +

i,iy
st
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