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New limits from lepton flavour violating processes
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Received 30 October 2021; accepted 3 December 2021

We study lepton flavor violation (LFV) within the Littlest Higgs Model with T parity (LHT) realizing an inverse seesaw (ISS) mechanism of
type I. In this scenario there appear newO (TeV) Majorana neutrinos, driving LFV. We analize the heavy Majorana neutrinos effects on LFV
processes:̀ → `′γ, Z → ¯̀̀ ′, L → 3` decays andµ → e conversion in nuclei, but we emphasize Type III decay channel ofL → 3` which
are known as “wrong-sign”:̀ → `′`′′ ¯̀′′′ satisfying` 6= `′ = `′′ 6= `′′′, since these processes vanish in the traditional LHT. First, we obtain
limits to |θejθ

†
µj |, |θejθ

†
τj |, and|θµjθ

†
τj | through` → `′γ. Using these limits for the product of the mixing angles, we can demonstrate

that results for branching ratios of wrong-sign processes yield within one order of magnitude below present bounds. We do not expect large
correlations between the two wrong-sign decay modes. Also, we see that the mean values of heavy Majorana neutrino masses for all LFV
processes are quasi-degenerate around 4 TeV [1].
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1. Introduction

Despite SM is a theory which describes all known elemen-
tary particles processes successfully, it has a severe problem
due to the Higgs mass-squared receives quadratically diver-
gent radiative corrections coming from the interactions with
SM fields. Over time several models have been proposed try-
ing to solve this problem. Little Higgs models [2, 3] offer
an explanation to the little hierarchy between the Higgs mass
Mh assumed to be near the electroweak scaleυ = 246 GeV
and the new physics (NP) scalef , whose value is expected
to be∼ 1 TeV [4–6]. In this set of models, the Higgs boson
is originated as a pseudo-Nambu-Goldstone boson (pNGB)
of a spontaneously broken global symmetry. Specifically, the
Littlest Higgs model with T parity (LHT) [2, 3, 7–11] is one
of the most attractive such frameworks. LHT is based on the
coset spaceSU(5)/SO(5), whereSU(5) is the global sym-
metry broken by a vacuum expectation value (vev) at a scale
of few TeV. The vev is represented by a5 × 5 symmetric
tensor [12,13]

Σ0 =




0 0 I
0 1 0
I 0 0


 . (1)

As SU(5) has 24 generators, after symmetry breaking,
the 10 unbrokenSO(5) generators satisfy

TaΣ0 + Σ0T
T
a = 0, (2)

whereas the 14 broken generators obey

XaΣ0 − Σ0X
T
a = 0. (3)

Goldstone bosons are fluctuations around this back-
ground in the broken directionsΠ ≡ πaX̂a, and can be pa-
rameterized by the non-linear sigma model field

Σ(x) = eiΠ/fΣ0e
iΠT /f = e2iΠ/fΣ0, (4)

wheref is the NP energy scale. Thus the matrix of NGB can
be written as [12,14]

Π =




χ + η

2
√

5
h√
2

φ
h†√

2

2η√
5

hT√
2

φ† h∗√
2

χT + η

2
√

5


 . (5)

The content of NGB is as follows:φ is a complex
SU(2)L triplet; χ andη are the Goldstone bosons which be-
come the longitudinal modes of the T-odd gauge fields. They
are written explicitly as

φ =

(
−iΦ++ −iΦ+√

2

−iΦ+√
2

−Φ0+ΦP√
2

)
, (6)

χ =
( −ω0/2 −ω+/

√
2

−ω−/
√

2 ω0/2

)
, (7)

so, the fieldsω±, ω0 and η are eaten by the heavy gauge
bosonsW±

H , ZH andAH , respectively.h is the SM Higgs
doublet

h =
( −iπ+/

√
2

υ+h+iπ0

2

)
. (8)

The discrete T-parity symmetry is aZ2 one (similar to
R-parity in SUSY), where SM particles are even under it (T-
even), while the new particles at the TeV scale are odd (T-
odd). T-parity forbids singly-produced heavy particles (odd
under T) and tree level corrections to observables with only
SM particles. As a result, direct and indirect constraints on
the LHT are significantly relaxed [14,15], and corrections to
EWPO are generated at loop level. Thus, the LHT remains
phenomenologically viable [12,16–37].
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LHT belongs the Product Group models, so the gauge
group is taken to beG1 ×G2 = [SU(2)×U(1)]2, subgroup
of theSU(5) global symmetry. A natural action of T-parity
on the gauge fields is defined as

G1 ↔ G2. (9)

In the gauge sector before EWSB, the SM (light) gauge
bosons areW a

L andBL which are massless and T-even, while
the massive heavy gauge bosons (T-odd) areW a

H andBH .
After high energy symmetry breaking, their masses are [15]

MW a
H

= gW f, MBH
=

g′f√
5
, (10)

wheree = gW sW = g′cW .
When EWSB is included, the masses of SM bosons are

given by [12,15]

MW±
L

=
gW υ

2

(
1− υ2

6f2

)1/2

≈ gW υ

2

(
1− υ2

12f2

)
,

MZL =
gW υ

2 cos θH

(
1− υ2

6f2

)1/2

=
MW±

L

cos θW
,

MAL = 0. (11)

It is important to observe thatρ factor is conserved in LHT
in contrast to SLH, since in the latter modelρ has corrections
of the order ofυ2/f2.

In the heavy sector the masses are written as follows
[12,15]

MW±
H

= MZH
= fgW

(
1− υ2

4f2

)1/2

≈ fgW

(
1− υ2

8f2

)
,

MAH =
fg′√

5

(
1− 5υ2

4f2

)1/2

≈ fg′√
5

(
1− 5υ2

8f2

)
. (12)

Including fermion sector is less straightforward than
scalar one. For each SM lepton doublet, two doubletsψ1

andψ2 are introduced by an incomplete representationΨ1,
Ψ2 ∈ SU(5) symmetry. The field content can be expressed
as follows (σ2 is the second Pauli matrix)

Ψ1 =




ψ1

0
0


 , Ψ2 =




0
0
ψ2


 ,

ψi = −iσ2

(
νiL

`iL

)
, (13)

with i = 1, 2, whereΨ2 transforms with the fundamental
SU(5) representation V andΨ2 with its complex conjugated.
T -parity is defined to act on the left-handed (LH) leptons as

Ψ1 ←→ ΩΣ0Ψ2, (14)

with

Ω = diag(−1,−1, 1,−1,−1),

Σ0 =




0 0 12×2

0 1 0
12×2 0 0


 . (15)

The T-even combination ofψ1 andψ2 will be identified
as the SM electroweak leptons

ψSM =
1√
2

(ψ1 − ψ2) , (16)

which receives mass after EWSB from Yukawa interactions,
while T-odd combination, defined as follows

ψHL =
1√
2

(ψ1 + ψ2) , (17)

refers to a Dirac mass of orderO(f). This heavy eigenstate
gets its mass combining with an additional set of fermions in
a T-oddSO(5) multipletΨc

R, which is right-handed

ΨR =




ψc
R

χR

ψHR


 T : ΨR ↔ ΩΨR. (18)

It is important that Yukawa Lagrangian be invariant under
SU(5) and T-parity, thus with aid ofξ = exp (iΠ/f) field, it
will be written

LYH
= κ1f

(
Ψ̄2ξ + Ψ̄1Σ0ξ

†)ΨR

=
√

2κ1fψ̄HLψHR + · · · . (19)

We see that T-odd combination receives a Dirac massM− =√
2κ1f , whereas the T-even combinationψSM remains

massless, as we expected. After EWSB, a small mass split-
ting between the T-odd leptons and neutrinos is induced at
order ofO(υ2/f2), becoming

mνH =
√

2κ1f

(
1− υ2

8f2

)
, m`H =

√
2κ1f. (20)

2. New contributions to LFV processes

As we know, the SM contributions to the LFV processes like
µ → eγ andµ → eee are negligible since they are propor-
tional to the neutrino masses. Nevertheless, we expect that
LHT contributions have a sizeable effect in LFV due to the
exchange of the new vector bosons and heavy fermions com-
ing from the T-parity.

Two types of diagrams contribute tò→ `′`′′`′′′, which
are shown in Fig. 1.

FIGURE 1. Generic penguin and box diagrams forµ → eee.
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FIGURE 2. Topologies of the diagrams that contribute to two and three-body lepton decays as well asγ, Z → ¯̀̀ ′.

3. Extracting form factors from the ` → `′γ
amplitude

Most general structure of thè→ `′γ effective vertex can be
expressed in terms of six form factors

iΓµ(p1, p2) = ie
[
γµ

(
FV

L PL + FV
R PR

)

+(iFV
M + FV

E γ5)σµνQν

+(iFV
S + FV

P γ5)Qµ
]
, (21)

with Q = p2 − p1 the vector boson momentum entering the
vertex. Under the consideration that the photon is on-shell,
only the dipole form factorsF γ

M,E contribute.
In Fig. 2 we show the topologies of the diagrams that con-

tribute to theV − ¯̀− `′ (V = γ/Z) effective vertex.
The form factorF γ

M is given by the contributions [35]

F γ
M=F γ

M |WH +F γ
M |ZH + F γ

M |AH + F γ
M |νc + F γ

M |`c . (22)

There are two additional contributions coming from the
exclusive fermion content of LHT (they had not been con-
sidered until [35]). The contributions from partner leptons
¯̀c = (ν̄c, ¯̀c) only involve topologies III, IV, IX and X (see
Fig. 2), because they do not couple to one T-odd gauge boson
and a SM charged lepton. We computed all form factors with
aid of Package-X [41]. Then, neglectingm`′ ¿ m`,

Γ(` → `′γ) =
α

2
m3

`(|F γ
M |2 + |F γ

E |2). (23)

4. Extracting form factors from the µ → eeē
amplitude

This process can be studied like a` → `′ ¯̀′`′ decay which
involves photon and Z penguin diagrams as well as box con-
tributions.

The effective vertex reads as follows

iΓµ
γ(p`, p`′) = ie

{ [
iF γ

M (Q2) + F γ
E(Q2)γ5

]
σµνQν

+ F γ
L(Q2)γµPL

}
, (24)

with Qν = (p`′ − p`)ν . In our casè → µ and `′ → e,
therefore the corresponding right-handed vector form factor
vanishes (me ≈ 0). Due to the constraints of LHT only pho-
ton and Z penguin diagrams contribute, sinceAH andZH do
not couple to two SM fermions.

In theγ−penguin contribution theF γ
M andF γ

E form fac-
tors have the same expressions as Eq. (22). For an on-shell
photon, terms proportional toQ2 vanish. Hence, theF γ

L form
factor receives the following contributions [35]

F γ
L = F γ

L |WH + F γ
L |ZH + F γ

L |AH + F γ
L |`c + F γ

L |νc . (25)

In the Z−penguin contributions the dipole form factors
FZ

M,E , which are chirality flipping and hence proportional to
the muon mass, vanish when they are compared toFZ

L . Thus,
at leading order theZ``′ vertex reduces to

iΓµ
Z(p`, p`′) = ieFZ

L (Q2)γνPL, (26)

where we obtain [35]

FZ
L = FZ

L |WH
+ FZ

L |AH
+ FZ

L |ZH
+ FZ

L |νc + FZ
L |`c . (27)

The amplitude due to box diagrams is given by

M`→`′1`′2`′3
box = e2BL(0)u(p1)γµ

× PLu(p`)u(p3)γµPLυ(p2). (28)

Figure 3 shows the box diagrams contributing toµ → eeē
decay. The wholeBL(0) form factor receives the following
contributions [35]
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FIGURE 3. Box diagrams corresponding toµ → eee process in the LHT model.

BL(0) = BL(WH ,WH) + BL(ZH , ZH) + BL(AH , AH)

+ BL(AH , ZH) + BL(Φ, Φ). (29)

We expect the new interactions that appear from the
heavy particles (T-odd) to contribute sizeably to LFV pro-
cesses called “wrong sign”:̀→ `′`′′ ¯̀′′′ with ` 6= `′ = `′′ 6=
`′′′. We can see in Table I limits on LFV processes presented
in Ref. [35] where they are mediated by SM gauge boson and
Higgs.

When LHT effects are included the branching ratios be-
come [35]

TABLE I. Experimental upper limits on theL → 3` LFV processes.

Branching Ratio 90% C.L. Bound

τ → µēµ 1.7× 10−8

τ → eµ̄e 1.5× 10−8

τ → µēe 1.8× 10−8

τ → eµ̄µ 2.7× 10−8

τ → eēe 2.7× 10−8

τ → µµ̄µ 2.1× 10−8

TABLE II. Contributions come from LHT due to T-odd leptons.

Process Branching Ratio

τ → µēµ 0

τ → eµ̄e 0

τ → µēe 8.2× 10−12

τ → eµ̄µ 2.2× 10−12

τ → eēe 7.4× 10−12

τ → µµ̄µ 1.4× 10−12

As we can observe the branching ratios of the wrong sign
processes vanish. In the following sections we consider Ma-
jorana neutrinos in LHT for computing wrong sign processes
in order to get non zero results, since it is known that the
heavy Majorana masses (in the TeV scale) impact LFV pro-
cesses [38–40].

5. Inverse seesaw neutrino masses in the LHT
model

We do an extension of LHT model implementing Majorana
neutrinos with an ISS mechanism, you can see more details
of this method in [36], the main aspects are shown next.
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We need to recall that Yukawa Lagrangian (see Eq. (19))
gives masses at order of∼ f , it is written as [12,36]

LYH
= κ1f

(
Ψ̄2ξ + Ψ̄1Σ0ξ

†)ΨR

=
√

2κ1fψ̄HLψHR + · · · , (30)

where we have approximatedξ = exp (iΠ/f) ≈ I.
Symmetry allows us to introduce a lepton singletχL,

which gets mass by combining directly with a RH singletχR

through a direct mass term. Thus, its mass term is read

LM = −MχLχR + h.c.. (31)

SinceχL is aSU(5) singlet we can include a small Majorana
mass for it. We assume LN to be broken by small Majorana
massesµ in the heavy LH neutral sector, then

Lµ = −µ

2
χc

LχL + h.c.. (32)

The neutrino mass matrix, which must be T-even, reduces to
the inverse see-saw one [36]

Lν
M = −1

2
(
νc

l χR χc
L

)MT−even
ν




νL

χc
R

χL


 + h.c., (33)

where

MT−even
ν =




0 iκ∗f sin
(

υ√
2f

)
0

iκ†f sin
(

υ√
2f

)
0 M†

0 M∗ µ


 .

(34)
We recall the ISS hierarchyµ ¿ κ ¿ M . The mass eigen-
values forM are∼ 10 TeV, of the order of4πf with f ∼
TeV, if we assume theκ eigenvalues to be order1. While the
µ eigenvalues are smaller than the GeV.

The mass eigenstates from Eq. (34) are given by
3∑

j=1

Uijν
l
Lj=

3∑

j=1

(
13×3−1

2
[θθ†]

)

ij

νLj−
9∑

j=7

θijχLj ,

χh
Li=

9∑

j=7

(
13×3−1

2
[θ†θ]

)

ij

χLj+
3∑

j=1

θ†ijνLj ,

(35)

where

θ = −if sin
(

υ√
2f

)
κM−1, (36)

with U denoting theUPMNS matrix. Therefore, the mass ma-
trix Ml

ν for light (active) neutrinos is

(Ml
ν)ij = θ∗ikµklθ

†
jl. (37)

In terms of the mass eigenstates the SM charged currents
are modified as follows

Ll
W =

g√
2
W+

µ

3∑

j=1

3∑

i=1

νl
iWijγ

µPL`j + h.c.,

Llh
W =

g√
2
W+

µ

3∑

j=1

9∑

i=7

χh
i θ†ijγ

µPL`j + h.c.. (38)

whereW matrix has been defined as

Wij = {U†[13×3 − 1
2
(ΘΘ†)]}ij . (39)

And the SM neutral currents become

Ll
Z =

g

2 cos θW
Zµ

3∑

i,j=1

νl
iγ

µ(XijPL −X†
ijPR)νl

j ,

Llh
Z =

g

2 cos θW
Zµ

3∑

i,j=1

χh
i γµ(YijPL − Y †

ijPR)νl
j + h.c.,

Lh
Z =

g

2 cos θW
Zµ

3∑

i,j=1

χh
i γµ(SijPL − S†ijPR)χh

j , (40)

whose neutral couplings turn out to be

Xij =
3∑

k=1

(
U†[13×3 − (θθ†)]

)
ik

Ukj ,

Yij =
3∑

k=1

θ†ikUkj , Sij =
3∑

k=1

θ†ikθkj . (41)

If we compare our charged-current and neutral-current inter-
actions with the SM ones, we observe that they differ by the
presence of theθ matrix which is consequence of introducing
Majorana neutrinos.

6. Bounds on LFV processes

Along the calculation we will use ’t Hooft-Feynman gauge.
We present two types of LFV processes in this section:` →
`′γ and` → `′`′′ ¯̀′′′, where the last one has three possible
channels but we are just focusing on wrong sign processes
(` 6= `′ = `′′ 6= `′′′) involving Majorana Neutrinos.

6.1. ` → `′γ decays

From Eq. (23) and usingF γ
M = −iF γ

E the results will be
simplified. The contribution coming from light and heavy
Majorana neutrinos is

Br(µ → eγ) =
3α

2π

∣∣∣WejW
∗
µjF

χ
M (xj)

+ UejU
∗
µjF

ν
M (yi)

∣∣∣
2

, (42)

recalling thatU = UPMNS and W is given by Eq. (39). For
active neutrinos (mνl

i
¿ MW ), theF ν

M (y) function, defining
y = m2

ν/M2
W , yields

F ν
M (y) =

5
6
− 3y − 15y2 − 6y3

12(1− y)3
+

3y3

2(1− y)4
ln y, (43)
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and for heavy neutrinos (mχh
i
À MW )

Fχ
M (x) =

1
3
− 2x3 − 7x2 + 11x

4(1− x)3
+

3x

2(1− x)4
ln x, (44)

with x = M2
W /m2

χh
, beingmχh

the mass of heavy Majorana
neutrinos.

The branching ratio forµ → eγ turns out to be

Br(µ → eγ) ≈ 3α

8π

∣∣∣θejθ
†
µj

∣∣∣
2

. (45)

By considering the general form for the` → `′γ decays we
do the proper replecements on the Eq. (45). Then, the 90%
C.L. limits Br(µ → eγ) < 4.2 × 10−13, Br(τ → eγ) <
3.3× 10−8 andBr(τ → µγ) < 4.2× 10−8 [42,43] bind

|θejθ
†
µj | < 0.14× 10−4, |θejθ

†
τj | < 0.95× 10−2,

|θµjθ
†
τj | < 0.011. (46)

6.2. Wrong-Sign decays:̀ → `′`′′ ¯̀′′′ with ` 6= `′ = `′′ 6=
`′′′

These processes have no penguin contributions, only box di-
agrams are involved, so the decay width of` → `′`′′ ¯̀′′′ is

Γ(` → `′`′′ ¯̀′′′) =
α2m5

`

192π
|FB |2 , (47)

the box diagrams are shown in Fig. 4.
The form factor for each box diagram in Fig. 4 is written

as follows

F
νl

iνl
j

B =
αW

16πM2
W s2

W

3∑

i,j=1

{W`iW
†
`′iW`′′′jW

†
`′′j

+ (`′ ↔ `′′)}f l
B(yi, yj), (48)

F
νl

iχh
j

B =
αW

16πM2
W s2

W

3∑

i=1

9∑

j=7

{W`iW
†
`′iθ

†
`′′′jθ`′′j

+ (`′ ↔ `′′)}f lh
B (yi, xj), (49)

F
χh

i χh
j

B =
αW

16πM2
W s2

W

9∑

i,j=7

{θ†`iθ`′iθ
†
`′′′jθ`′′j

+ (`′ ↔ `′′)}fh
B(xi, xj), (50)

where theyi and xi variables are defined in Subsec. 6.1,
whose behavior isxi, yj → 0. Thef l

B , f lh
B , andfh

B func-
tions are Four-point Functions. The ordinaryf l

B function is
given by

FIGURE 4. Box diagrams, without Majorana neutrino contribu-
tions.

f l
B(yi, yj)=

(
1 +

1
4
yiyj

)
d̄0(yi, yj)−2yiyjd0(yi, yj), (51)

whered̄0(yi, yj) andd0(yi, yj) can be consulted in the Ap-
pendix C.3 of [12]. The other functionsf lh

B andfh
B are ob-

tained straightforwardly by doing the corresponding change
of variables.

In addition, we have box diagrams with LNV vertices
which are shown in Fig. 5. The form factor due to light neu-
trinos is

F
νl

iνl
j

B−LNV =
αW

16πM2
W s2

W

3∑

i,j

W`iW
†
`′jW`′′′iW

†
`′′j

× f l−LNV
B (yi, yj). (52)

The contributions from diagrams that mix light and heavy
neutrino and diagrams that consider just heavy neutrinos are
given by

F
νl

iχh
j

B−LNV =
αW

16πM2
W s2

W

3∑

i=1

9∑

j=7

W`iθ`′jW`′′′iθ`′′j

× f lh−LNV
B (yi, xj), (53)

F
χh

i χh
j

B−LNV =
αW

16πM2
W s2

W

9∑

i,j=7

θ†`iθ`′jθ
†
`′′′iθ`′′j

× fh−LNV
B (xi, xj). (54)

For the functionsf (l,lh,h)−LNV
B (zi, zj), we can apply the

same arguments as the previousf
(l,lh,h)
B (zi, zj). Therefore

f l−LNV
B (yi, yj) =

√
yiyj

(
2d̄0(yi, yj)

− (4 + yiyj)d0(yi, yj)
)
, (55)

for f
(lh,h)
B (zi, zj) we do the appropriate conversion of vari-

ables.
So, the complete form factor reads

FB = F
νl

iνl
j

B + F
νl

iχh
j

B + F
χh

i χh
j

B

+ F
νl

iνl
j

B−LNV + F
νl

iχh
j

B−LNV + F
χh

i χh
j

B−LNV . (56)

After considering some approximations (xi, yi → 0), we
obtained that the branching ratio for wrong sign processes is
simplified as follows

FIGURE 5. Contributions coming from LNV diagrams.
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Br(` → `′`′′ ¯̀′′′) =
α2

W

128π2

∣∣∣−{θ`iθ
†
`′iθ`′′′jθ

†
`′′j + (`′ ↔ `′′)} + {θ†`iθ`′iθ

†
`′′′jθ`′′j + (`′ ↔ `′′)}

[(
1

2xj
− 3

)
xi

2xj
ln

(
xi

xj

)

+
1

4xj
ln

(
xi

xj

)
+

1
4

(6 ln xj + 7)
]

+ {θ†`iθ`′jθ
†
`′′′iθ`′′j}

[√
xi

x3
j

ln
(

xj

xi

)
+

√
xi

xj
(2 lnxi + 1)

+
1√
xixj

(lnxj + 1) +
√

xj

xi
(2 lnxj + 1)

]∣∣∣∣
2

. (57)

From the expression above we could find values for
branching ratios of wrong sign processes which are bound
Br(τ → eeµ̄) < 1.5×10−8 andBr(τ → µµē) < 1.7×10−8

(C.L = 90%) [42].

7. Numerical analysis for wrong sign processes

We study two tau decays known as wrong-sign processes:
τ → eeµ̄ andτ → µµē. This analysis is done by a Monte
Carlo simulation where both processes are computed simul-
taneously assuming that the LNV couplings are free parame-
ters, thus we are able to bind them. So we have 9 free param-
eters for each wrong sign processes which will be: the masses
of heavy neutrinos,Mi that are the same for both processes
and the LNV couplings corresponding to each decay:

• τ → eeµ̄: LNV couplings: (θµiθτi)†, andθeiθei with
i = 1, 2, 3. We bind the couplings as follows [44]

|θµ1θτ1|+ |θµ2θτ2|+ |θµ3θτ3| < 1.225× 10−3,

|θe1θe1|+ |θe2θe2|+ |θe3θe3| < 0.050, (58)

and their product must satisfy [44]

|θµiθτi||θejθej | < 6.125× 10−5. (59)

TABLE III. Final results. Mean values.

LFV Type III

Br(τ → eeµ̄) 1.6× 10−9

Br(τ → µµē) 1.6× 10−9

Heavy neutrino masses

M1(TeV) 3.9

M2(TeV) 3.9

M3(TeV) 3.9

LNV couplings

|θµiθτi| 2× 10−3

|θeiθei| 2× 10−2

|θeiθτi| 9× 10−4

|θµiθµi| 4× 10−2

• τ → µµē: LNV couplings: (θeiθτi)†, and (θµiθµi)
with i = 1, 2, 3. Bounds on the couplings are [44]

|θe1θτ1|+ |θe2θτ2|+ |θe3θτ3| < 2.704× 10−3,

|θµ1θµ1|+ |θµ2θµ2|+ |θµ3θµ3| < 0.021, (60)

with their product fulfilling [44]

|θeiθτi||θµjθµj | < 5.678× 10−5. (61)

The heavy neutrino masses run from 0.2 to 10 TeVs.
We do not expect large correlations among the two

wrong-sign decay modes as they depend on different com-
binations of theta products. We however check if there is any
residual effect induced by their common dependence on the
heavy neutrino masses. After doing an analysis of the col-

TABLE IV. Mean values for branching ratios, conversion rates and
three heavy neutrino masses (at C.L. =95% for the Z decays and at
90% for all other processes).

LFV Z decays

Br(Z → µ̄e) 1.21× 10−14

Br(Z → τ̄ e) 1.66× 10−8

Br(Z → τ̄µ) 1.13× 10−8

LFV Type I

Br(µ → eeē) 1.30× 10−14

Br(τ → eeē) 4.08× 10−9

Br(τ → µµµ̄) 4.15× 10−9

LFV Type II

Br(τ → eµµ̄) 3.61× 10−9

Br(τ → µeē) 2.21× 10−9

µ− e conversion rate

R(Ti) 5.84× 10−14

R(Au) 7.83× 10−14

Heavy neutrino masses

M1 (TeV) 4.049

M2 (TeV) 4.050

M3 (TeV) 4.044
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lected data of the Monte Carlo simulation we find that the
correlation coefficient between branching ratios is 0.08 which
means a practically null correlation.

In the Table III we write down the resulting mean values
for each free parameter of this model: three heavy neutrino
massesMi, LNV couplings and the branching ratios for both
decays. We conclude that in this model branching ratios cor-
responding to wrong-sign decays are one order of magnitude
below the current upper limits. Thus, there are no sizable
correlations among heavy neutrino amsses (C.L.=90%).

In Table IV we show the mean values for the other LFV
processes which are computed simultaneously with a single
Monte Carlo simulation since in contrast to wrong sign pro-
cesses, they share the same free parameters.

We see that the difference among mean values for the
heavy neutrino masses from the previous results in Table III
and IV is∼ 3% in all cases.

8. Lepton number violating tau decays

These processes are represented as follows

τ−(pτ ) → `+(p`+)M−
1 (q1)M−

2 (q2), (62)

whereM−
1 ,M−

2 = π, K.
We consider only tree level amplitude as it is the domi-

nant contribution. Box diagrams are not taken into account.
The decay amplitude for lepton number violating tau decays
can be separated into leptonic and hadronic parts

iM = (Mlep)µν(Mhad)µν , (63)

where

(Mlep)µν = −g2

2

3∑

i=1

v(pτ )

(
W †

τiW
†
`+imi

k2 −m2
i

+
θτiθ`+iMi

q2 −M2
i

)

× γµγνPRv(p`+), (64)

(Mhad)µν = −g2V CKM
M1

V CKM
M2

fM1fM2q
µ
1 qν

2

+ (M1 ↔ M2), (65)

with m and M the masses of light and heavy Majorana
neutrinos, respectively. The leptonic part of the subprocess
τ− → `+W−∗W−∗ is obtained by crossing theW−W− →
`−`− amplitude.

The total amplitude has two contributions: one comes
from light neutrinos(Mlight) and the second one comes from
heavy neutrinos(Mheavy). The part of light neutrinos is very
suppressed due to their masses. Therefore, we work only
with heavy neutrinos contribution.

Br(τ− → e+π−π−) < 6.47× 10−27, (66)

Br(τ− → µ+π−π−) < 5.88× 10−27, (67)

Br(τ− → e+K−K−) < 1.01× 10−29, (68)

Br(τ− → µ+K−K−) < 9.19× 10−30, (69)

Br(τ− → e+π−K−) < 2.73× 10−28, (70)

Br(τ− → µ+π−K−) < 2.48× 10−28. (71)

We can see that our results obtained by LHT extended
with Majorana neutrinos through ISS are much more con-
strained than the current limits [42]. This was expected be-
cause we started from the fact thatMheavy is small due to the
masses of the heavy neutrinos. As heavy neutrino masses are
of the order of TeVs there is no resonant enhancement.

9. Conclusions

• LHT is not able to bind LFV processes known as
“wrong-sign” through T-odd leptons. However, when
we extend the LHT model involving Majorana neutri-
nos with aid of ISS, the branching ratios get a finite
value (C.L. = 90%):

Br(τ → eeµ̄) < 1.483× 10−9,

Br(τ → µµē) < 1.658× 10−9,

which are one order of magnitude more suppressed
than the current values [42].

• LHT extended with Majorana neutrinos also allows us
to bind the LNV couplings (C.L. = 90%), which have
not been reported before in papers as [44]

|θµiθτi| < 13.47× 10−4, |θeiθei| < 2.609× 10−2,

|θeiθτi| < 1.413× 10−3, |θµiθµi| < 2.484× 10−2.

• The mean values forτ → ``′ ¯̀′′ decays andµ → e con-
version in Ti obtained in our simulation are one order
of magnitude smaller than current limits. Inµ → eeē,
Z → τ̄ ` and conversion in Au, we get mean values
around two orders of magnitude smaller than current
limits. Unlike above processes, onlyZ → µ̄e is not a
candidate to be probed in the near future as our result
is seven orders of magnitude smaller than current limit.

• Due to heavy Majorana neutrino masses are at order
of TeVs, semileptonic three body tau decays are very
suppressed. Hence, they are not phenomenological in-
terest as there is no “resonant enhancement”.
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