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On fitting the type Il seesaw mechanism into the type I seesaw mechanism, we obtain a formula to the
neutrino masses which get suppressed by high-scale M3 in its denominator. As a result, light neutrinos
are naturally obtained with new physics at TeV scale. As interesting consequence, the mechanism may
be directly probed at the LHC by directly producing the TeV states intrinsic of the mechanism. We show
that the 3-3-1 model with right-handed neutrinos realizes naturally such seesaw mechanism.
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1. Introduction

One of the major puzzles in particle physics is the understand-
ing of the small but nonzero neutrino masses established by the
phenomenon of neutrino oscillation detected in solar [1] and at-
mospheric [2] as long as in laboratory experiments with reactors
[3] and accelerator [4] neutrinos.

On the theoretical side, seesaw mechanisms is considered the
most elegant way of generating small masses for the neutrinos. In
conventional seesaw mechanisms [5-7], neutrino masses get sup-
pressed by a high-scale M in its denominator according to the

formula: m,, = % where vg,, is a energy scale parameter at the
electroweak range.

Regions of values for M of interest in particle physics is M
close to unification scale (102714 GeV) and M around TeV scale
(1-10 TeV). In the first scenario, neutrino physics is associated to

theories of grand unification and the quotient % lies already at
the eV range, explaining in this way the smallness of the neutrino
masses. However, the unpleasant point of this scenario is that, due
to the high value for M, such scenario cannot be tested experi-
mentally.

In the second scenario, i.e., M at the TeV range, for v, at
electroweak scale, we do not have, in fact, a seesaw mechanism

2
because v2, is of order of M which leaves the quotient “2* close

to the unity requiring, in this way, huge fine tuning of the Yukawa
couplings in order to generate neutrino mass at eV scale. Peo-
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ple get interested in such scenario because it may be probed at
LHC [8]. However, for we have a seesaw mechanism with M at the
TeV scale, we need vy, <1 MeV. This is unnatural, unless we pro-
vide a supplementary mechanism of suppression for ve.

An interesting possibility for having a seesaw mechanism work-
ing at TeV scale is fitting the type Il seesaw mechanism into the
type I seesaw mechanism. For this we have to develop type II see-
saw mechanism for other scalar multiplets than Higgs doublet. This
idea was originally proposed by Ma at Ref. [9] and after general-
ized by Grimus et al. at Ref. [10].

In this work we review this idea and show that it leads to a
neutrino mass formula that get suppressed by high-scale M3 in
its denominator. Due to this suppression factor, we call this mech-
anism “triple seesaw mechanism”. We also show that the 3-3-1
model with right-handed neutrinos realizes naturally the triple
seesaw mechanism.

This works is organized as following. In Section 2 we make use
of a toy model to present the idea. In Section 3 we develop the
mechanism in an extension of the standard model. In Section 4 we
implement the mechanism inside the 3-3-1 model, and finally in
Section 5 we present a summary of our results.

2. A toy model

For presenting the idea we consider a simple toy model without
reference at first to any gauge model. The toy model involve one
left-handed neutrino, v, one right-handed neutrino, vg and two
scalar fields ¢1 and ¢;. These scalars do not carry lepton number.
We assume that the Lagrangian respects the set of discrete sym-
metry (v, VR, ¢2) — —(Vr, VR, ¢2). Besides, we allow that only vg
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develop Majorana mass term. After all this, the Lagrangian we can
build with these fields is formed by the terms

L=—yb et — Mg VR + V(1. ¢2). (1)

When ¢; develop vacuum expectation value (VEV) different from
zero, v1, the first term in the Lagrangian above generates Dirac
mass term for the neutrinos. The first two terms of the Lagrangian
above provide the following mass matrix for the neutrinos in the
basis (vr, vg),

MU=(O yv]). @)
yvi M

Assuming M >> vq, we obtain after diagonalize this mass matrix
y*vi
M

This is nothing more than the type I seesaw mechanism.

Now let us move to the scalar sector of the model. The main
goal here is to arrange things such that vq get suppressed by a
factor ﬁ For this we apply the type Il seesaw mechanism to ¢;.

The potential we can construct with all these scalar fields and

respect the discrete symmetry mentioned above is composed by
the terms

) mUh %M (3)

V(i) = uig? + u3e2 + r1¢7 + r2gs + rspies
M
— S 413 +He 4)

The condition for V (¢;) develops minimum involves two constraint
equations. However, what matter for us here is the one related to
the VEV of ¢1,

A
V1<M%+MV%+73V%)—M1V§=0, (5)

where v{ and v, are the VEVs of ¢ and ¢, respectively.

The suppositions we take here are that ¢ is heavier than ¢,
i.e., 1> uy and that w; ~ M7. With this we find that the equa-
tion above provides,

2

%

2

ViR —=. 6

a7 (6)

Considering that M1 ~ M and substituting Eq. (6) in (3), we
obtain,

2.4
y°v
my, ~ M32' (7)

This is the neutrino mass formula that arises in the triple seesaw
mechanism. Perceive that there is a real possibility for we have
neutrino masses at eV range with new physics at TeV scale. This is
so because neutrino masses get suppressed by high-scale M? in its
denominator. For example, for M = (1-10) TeV, we have a factor
of suppression in the range 109~'2 which is sufficient to generate
neutrino masses at around eV.

In the next two sections we implement the mechanism in the
framework of realistic neutrino models.

3. Implementing the mechanism into the standard model

The way we implement the mechanism here is different from
the one done in the original work [9]. We extend the standard
model (SM) with some new fields. For sake of simplicity, we con-
sider only one generation of fermions. The mechanism requires we
add to the standard field content one right-handed neutrino vg

and at least two scalar doublets Hq, Hy, plus a scalar singlet S.
These scalars do not carry lepton number. To avoid undesirable
terms, we assume that the whole Lagrangian respects the discrete
symmetry (Hq, S, vg) - —(H1, S, vg). With this, the Lagrangian
must involve the terms

L£> —yLH vg — MD§ Vg + V(Hy, Ha, S) (8)

where L = (v, e[)T is the standard lepton doublet.

When H; develop nonzero VEV, vq, the neutrinos gain Dirac
mass term that together with the Majorana mass term for the
right-handed neutrino form the following mass matrix in the basis
(v, V%),

0 yvq
wo= ( ). (©)
yvi M
Considering M >> v1, we obtain after diagonalize this mass matrix,
2,,2
~ 7V ~
my, ~ T my, ~ M. (10)

Again, this is the type I seesaw mechanism.

Now let us move to the scalar sector of the model and apply
the type I seesaw mechanism to the doublet Hi. The potential
composed by this scalar content and that respect the set of discrete
symmetry we discussed above is,

V(H1, H2,S)
= (3 (H}Hy) + 3 (H Ho) + pds*s
+ a1 (HU 1) 4+ Ao (HSHy)? 4 25(57S)°
+ %a(H H) (H]Ho) + As (H] 1) (S*S) + As (HLH2) (S7S)

M
—%HIHZSjLH.C. (11)
The conditions for V(H1, Hz,S) develops minimum involve
three constraint equations. What matter for us here is the one re-
lated to the VEV of Hj,

A A
v1<u$+x1v%2+?4v§+75v§)—M1vzv5:o, (12)

where v, and vs are the VEVs of H, and S, respectively.

Let us suppose that Hi is heavier than H, and S, i.e., ui >
U2, s, and that the scale of energy, M1, related to the trilinear
term in the potential above is of the same order of magnitude of
the mass of Hi, i.e., w1 ~ M;. With these two suppositions, the
equation above provides,

VaVs
V= .
My
This is nothing more that the type Il seesaw mechanism applied
to vq.
Now, considering M1 ~ M and combining Eq. (13) with (10),
we obtain,

(13)

2,2,,2
y2viv
my, ~ M23 > (14)

Note that, as expected, the mass of the light neutrino get sup-
pressed by high-scale M> in its denominator. Moreover, perceive
that the formula above involve two VEVs in its numerator. This
gives us more liberty to arrange the VEVs in conjunction with M
in order to obtain neutrino mass at eV range with M at the TeV
scale.

For example, in this particular extension of the SM, v devel-
ops exclusively Dirac mass terms for the neutrinos and v, get
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in charge of generating masses for all standard charged fermions
of the model. This requires v, ~ 10> GeV. On the other hand,
vs is not constrained, which means it can take any value in the
electroweak range. Being conservative and taking vs = 10~! GeV,
vy~ 102 GeV and M = 10 TeV, we obtain

my, ~ 0.1y eV. (15)

We see that the mechanism provides a real possibility for ex-
plaining solar and atmospherics neutrino oscillation with Yukawa
couplings of order O(1).

From a phenomenological viewpoint, this scenario is interest-
ing because it involves sizable couplings of the TeV new states
with the standard leptons through the term yLH;vg, allowing the
mechanism be directly probed at the LHC by directly producing
the TeV states intrinsic of the mechanism.

4. Implementing the mechanism into the 3-3-1 model with
right-handed neutrinos

In this section we show that the triple seesaw mechanism takes
place naturally in the gauge models based in the SU3)c ® SU(3); ®
U(1)y (3-3-1) symmetry called 3-3-1 model with right-handed
neutrinos (331vR) [11]. In it the leptons come in triplet and sin-
glets as follows,

Va

fao=1 eaq
va/ L

~(1,3,-1/3), eqr ~ (1,1, -1), (16)

with a =1, 2, 3 representing the three known generations. We are
indicating the transformation under 3-3-1 after the similarity sign,
“~". For the quark representation we refer the reader to the origi-
nal work of the model [11].

The scalar content capable of generating masses for all charged
fermions of the model is composed by three scalar triplets as fol-
lows [11]

x° ot n°
x=x"|. po={0"). n=|n]. (17)
X/O ,0/+ n/O

with n and x transforming as (1,3, —%) and p transforming as
(1,3, —%). Although the scalar content above involves five neutral
scalars, it is just necessary that n°% p° and x’® develop vacuum
expectation value (VEV) for that all the particles of the model, with
exception of the neutrinos, develop their correct mass terms.

In the 331vR neutrino mass terms must, necessarily, involve
the product fi ff. Considering its transformation by the SU(3).
symmetry, f_LfLC =3*®3* =3 @ 6%, we see that, in order to gen-
erate mass terms for the neutrinos, we must couple foLC to an
anti-triplet or to a sextet of scalars. Previous works showed that
the first case leads to degenerate Dirac mass terms for the neutri-
nos [11]. This case is not of interest for us here. In regard to the
scalar sextet [12], recent works have employed it to implement the
type I and type II seesaw mechanisms into the model [13].

A remarkable fact about this sextet is that after the SUB3)¢c ®
SUB3)L ®U(1)y symmetry breaking to the SU3)c ®SUR)L QU (1)y
one, the sextet,

A0 A @0
s= a2 o (1 6 _2> (18)
w1 GRS 6.5 )
] ] o

splits into a triplet plus a doublet and a singlet of scalars,

S—>Aasyy +Pazys) +08,1,y00)’ (19)

where Y are the hypercharges of the respective multiplets, with
Yao=-2,Yp=-1and Y, 0=0, and

A (AO A—> o ! (cp") a0 (20)
IV AV.SV. S 2\e ) V2

The Yukawa interaction fLC S$*f1 can be dismembered into the fol-

lowing ones,

fEs* fi — LCA* L + Lovg + DSogug, (21)

when the 3-3-1 symmetry breaks to the SU(3). x SUR2); x U(1)y
symmetry. In the above expression L represents the usual SM dou-
blet of left-handed leptons. It is easy to see that when A9, 0 and
o9 develop nonzero VEV, then Dirac and Majorana mass terms are
generated for the neutrinos. In this work we assume that A® does
not develop VEV. As we see, the model disposes of all ingredients
required by the triple seesaw mechanism.

When ¢° and ¢° develop nonzero VEV, let us suppose v
and v, the Yukawa interactions hgp, f EL Sfp. generate the following

mass terms for the neutrinos in the basis (Ve,, Vyu;, Vr, ey, Vi
vE)T =, v,

1,_ _ 0 MD VL

—(vLC,vR)( )( C>, (22)
2 Mp Mg Vg

where

Mp =hve and Mg =hvg, (23)

with h being a symmetric matrix formed by the Yukawa couplings
hgp. As it is very well known, from the diagonalization of the mass
matrix in Eq. (22), for the case vy > v, we obtain,

my ~—~MpMg'Mp,  my =~ Mg, (24)

where my, is a mass matrix for the left-handed neutrinos and my,
is the mass matrix for the right-handed neutrinos.
On substituting the matrices Mp and My given in Eq. (23) into
Eq. (24), we obtain,
2
Yo

my, =—h and my =hv,. (25)

o

This is the type I seesaw mechanism that arises in the 331vR.

Let us move to the scalar sector. In order to avoid a prolifer-
ation of undesirable terms, we impose the potential respects the
set of discrete symmetries (x, p) — —(x, o). After this, the most
complete part of the potential that obeys this set of discrete sym-
metry and conserves lepton number is composed by the following
terms,

V=% + upn® + puop® +2ax* 4 ran® + aspt
+xa(x ) (') + 25 (xTx) (0" 0) + 26 (") (07 p)
+17(x"n) (" x) + 28 (x"0) (07x) + 20 (n"0) (0Tn)

. )
+ <Le’f"mpjx,< + H.c.) + ud Tr(STS) + 110 Tr(STS)
V2
2
+ 211 [Tr(STS)]" + (Razn'n + 213p"p + A1axTx) Tr(STs)
+ A15 (eijkelmnpnpkslismj + H.c.) + MG(XTS) (STX)
+217(n'S) (™) + 118(0"S) (STp). (26)

while the other part that violates explicitly the lepton number is
composed by the terms,
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V' =x19(n"x)(n"x)

A20
[ 22 ik s op + 22
—MinTSTy = MyxTsTx + H.c.:|, (27)

l]kaSmln]Pk

where M1 and M are energy parameters associated to the explicit
violation of the lepton number.

We already assumed that only two of the three neutral scalars
that compose the sextet will develop nonzero VEV. In regard to
the triplets, they involve five neutral scalars. It was discussed
above that, in order to generate the correct masses for all charged
fermions it is just necessary that only three of them develop
nonzero VEV, namely 1%, p® and x’°. However, as we will see be-
low, the seesaw mechanism we develop here requires that either
7’9, or x9 or both develop nonzero VEV. For sake of simplicity,
we pick out 1’0, Thus, the set of neutral scalars that will develop
nonzero VEV is,

/0 .0 0 70 0 0

nen,eL X, 9,0

L R
ﬁ(vn/’”’p'x/*d’*go—’_ n.n,p,x', %00

+i1n/’n’p’x/’¢0,o—0). (28)

Considering the shift of the neutral scalars above, the conditions
for the minimum of the composite potential V + V' involve six
equations. However, as the idea is to apply the type Il seesaw
mechanism to @9, it is just necessary to analyze the constraint
equation related to the v,

—

A0 A1 A2
vo b+ 00 +03) 4 LT 4 2vd) + (G +v2)
A13 2 A4 5 A6 2
- — Vi — A v
+ 5 ot > 15V + — 2 vy
rM7 (5 VpVy Vo
—_— V / _—
+ ( R
A20 + A21
—M1vyvy — ————(VyvpVy) =0. (29)

All the massive components of the sextet S and the triplet x
gain mass when the 3-3-1 symmetry breaks to the electroweak
symmetry. The order of magnitude of such masses lie around
the 3-3-1 symmetry breaking scale. In view of this we assume
s ~ [y = M. Besides, we consider that the energy scale asso-
ciated to the explicit violation of the lepton number, M1, M2, also
lies around the 3-3-1 symmetry breaking scale, i.e., M1 ~ M, = M.
After such considerations, the equation above provides the relation,

~ YnVy
Vo = M (30)
Now we came to the main point of this section. On substituting
Eq. (30) in Eq. (25), we obtain the following formula to the neu-
trino masses,

vZv2,

my, =—h 1?/1317 ) (31)
As showed, neutrino masses get suppressed by high-scale M3 in
its denominator. This allows we have neutrinos with masses in the
eV range with M around few TeVs.

Let us discuss a little the values of the parameters involved in
the triple seesaw mechanism neutrino mass formula above. It is
expected in the model that v% + vfz ~ (246 GeV)2. On the other

hand, the main consequence of a nonzero VEV for 1’°

is the rising

of a mixing among the ordinary quarks with the exotic ones. In
view of this, it is natural to expected a low value for v, . In fact,
the upper bound v,y <40 GeV was obtained in Ref. [14]. Thus, on
being conservative, and taking v, ~ 10? GeV, v,y ~ 107! GeV and
M =10 TeV, we obtain

my, = —0.1heV. (32)

This requires also little fine tuning of the Yukawa couplings h's
to generate neutrino masses small enough in order to explain so-
lar and atmospherics neutrino oscillation experiments. Thus the
mechanism can be verified at the LHC through the direct detec-
tion of the TeV states of the 331vR involved in the mechanism.

We say that the triple seesaw mechanism is a natural outcome
of the 331vR for two basic reasons. First, the high-scale M coin-
cides with the 331 symmetry breaking scale, and second, the VEV
v,y that appears in the numerator of the neutrino mass formula is
phenomenologically small.

5. Summary

In this work we developed a new kind of seesaw mecha-
nism that is really capable of explaining the smallness of neutrino
masses with new physics just at TeV scale. It arises from the
fitting of the type Il seesaw mechanism into the type I seesaw
mechanism. We first presented the idea through a toy model built
specially to accommodate the mechanism. As realistic scenario, we
implemented the mechanism in an extension of the SM involving
right-handed neutrinos and some new scalar fields. Next we de-
veloped the mechanism in the framework of the 331vR. The main
result of such fitting in both models is that neutrino masses for-
mula get suppressed by the factor M3 in its denominator. Thus it is
easy to see that for M = 1-10 TeV, neutrino masses get suppressed
by the factor 10°712, This is sufficient to guarantee that neutrino
will gain masses at eV scale. Due to this suppression factor, we call
this mechanism “triple seesaw mechanism”. However, we would
like to emphasize that the mechanism is a natural outcome of the
331vR. From phenomenological viewpoint, the interesting aspect
of such mechanism is that its signature may be probed at LHC
through direct detection of their intrinsic TeV states.
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