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1 Introduction

In the LHC Era we hope to test the theory beyond the Standard Model (SM) which
describes physics at the TeV scale. The existence of massive neutrinos is a strong motivation
for physics beyond the SM. There are only three simple mechanisms to generate Majorana
neutrino masses at tree level. In the case of Type I seesaw mechanism [1, 2], one can add
at least two fermionic singlets N; (right-handed neutrinos) and the neutrino masses read
as ml, ~ h2v?/My, where h,, is the Dirac Yukawa coupling, v = 246 GeV is the SM Higgs
vacuum expectation value (vev) and My is the right-handed neutrino mass. If h, ~ 1 and
My ~ 104715 GeV, one obtains the natural value for the neutrino masses m, ~ 1 eV.

In the so-called Type II seesaw mechanism [3] for neutrino masses the Higgs sector of
the SM is extended by adding an SU(2); Higgs triplet A. In this scenario the neutrino
masses are given by m!! ~ Y, v, where va is the vev of the neutral component of the
triplet and Y, is the Yukawa coupling. va ~ pv? /Mi7 where M is the mass of the triplet
and p defines the mixing between the SM Higgs and the triplet. A natural setting would
be Y, ~ 1 and pu ~ Ma =~ 1014715 GeV.

Recently, several groups have investigated the implementation of the Type III seesaw
mechanism [4-7] in the context of grand unified theories. In this case adding at least two
extra matter fields in the adjoint representation of SU(2);, and with zero hypercharge,
one can generate neutrino masses, m!! ~ I'2v?/M,. Here M, stands for the mass of
the fermionic triplets and I', is the Dirac Yukawa coupling. The implementation of this
mechanism [5-7] has been studied in the context of SU(5) grand unified theories, where
once we realize Type III seesaw, one gets Type I as a bonus since both fields responsible
for seesaw live in the adjoint representation of SU(5).



Parity is considered as a fundamental symmetry and is explicitly broken in the SM by
the asymmetry between the left and right handed multiplets. Therefore, as is well known
the SM does not explain the V' — A character of the 5 and i decays. One could say that the
existence of massive neutrinos and the unknown origin of parity violation in the SM are
probably one of the main physical motivations for physics beyond the SM. In the context
of the so-called left-right symmetric theories [8, 9] one has the appealing possibility to
understand the origin of parity violation and its strong connection to the generation of
neutrino masses [2]. In these theories the observed V-A structure of weak interactions is
only a low-energy phenomenon which should disappear when one reaches the TeV scale
or higher. Left-right symmetric theories where the neutrino masses are generated through
the Type I and Type II seesaw mechanisms have been investigated in great detail [10-15].

In this Letter we study for the first time the implementation of the Type III seesaw
mechanism in the context of left-right theories. We propose a simple renormalizable left-
right symmetric theory where the neutrino masses are generated through a double seesaw
mechanism which is a combination of the Type I and Type III seesaw mechanisms. We
find a cold dark matter candidate which is like the wino in the minimal supersymmetric
SM and discuss the leptogenesis mechanism. We investigate the spectrum of the theory
and the possible signals at the LHC. We refer to this theory as “Type III-LR”.

This work is organized as follows: In section II we discuss the main features of left-right
theories and the different mechanisms to generate neutrino masses. We show for the first
time the implementation of Type III seesaw. In section III we discuss the possible dark
matter candidates and the Baryogenesis via Leptogenesis mechanisms, while in section IV
we investigate the spectrum of the theory and the main signals at future colliders. In
section V we summarize our main results.

2 Type III seesaw in left-right theories

The so-called left-right symmetric models are one of the most appealing extensions of
the SM where one can understand the origin of parity violation in a simple way and
we can generate neutrino masses. The simplest theories are based on the gauge group
SUB)c ®SU2), ®SU2)r QU(1)p—r. Here B and L stand for baryon and lepton
number, respectively. The matter multiples for quarks and leptons are given by

QL = <uL> ~ (2,1,1/3), @r= <UR> ~ (1,2,1/3), (2.1)
dr, dr

I = <”L> ~ (2,1,-1), (2.2)

€L

and

€R

Ip = <”R> ~ (1,2,-1). (2.3)

Predicting the existence of right-handed neutrinos. Here we omit the properties of the mul-
tiplets under SU(3)¢c. Therefore, one expects that neutrino masses are generated at least



through the Type I [1, 2] seesaw mechanism. Under the left-right parity transformation
one has the following relations

QL<—>QR and lL<—>lR. (24)
The relevant Yukawa interactions for quarks in this context are given by
e (ch1> + ygci) Or + hec, (2.5)
where the bidoublet Higgs is given by
& o3 .
= "172 ) ~ (2,2,0), and ® = 090* 0. (2.6)
b1 &3
Once the bidoublet gets the vev the quark mass matrices read as
My = Yiv, + YQU§7 and Mp = Yivy + ngik, (27)

with v; = (¢9), and vy = (¢9). In the case of the bidoublet one has the following transfor-
mation under the left-right parity

P — B, (2.8)
and Y] = YlJr and Yy = YQT. These aspects of the model have been studied in detail [11, 12].
Now, as it has been noticed by Mohapatra and Senjanovi¢, in this context one can have a
deep relation between the origin of neutrino masses and parity violation [2]. In the most
popular renormalizable left-right models, the neutrino masses are generated through the
Type I [1, 2] and Type II [3] seesaw mechanisms once the Higgs triplets, Ay ~ (3,1,2)
and Ar ~ (1,3,2) are introduced. Predicting the existence of doubly charged Higgses
which could be discovered at the LHC [16]. Before study the implementation of Type III
seesaw in this context we discuss briefly the different well known possibilities to generate
neutrino masses.

2.1 Dirac neutrinos

In this context the charged lepton masses are generated through the interactions

—L=1 (yg o + Y4<i>> g + hec., (2.9)
and the relevant mass matrix is given by
M, =Ys5 vy + Yjuy. (2.10)
At the same time one gets a Dirac mass matrix for the neutrinos
MP =Ys v + Yyu3. (2.11)
In the limit vo < v1 and Y3 < Yy,
M, =~ Y vy, and MP =, <Y3 + M, %) . (2.12)

Therefore, assuming that Y3 is very small one can have Dirac-neutrinos. However, in this
case one has the same situation as in the SM plus right-handed neutrinos where we can
assume a small Dirac Yukawa coupling for neutrinos. As is well-known in this scenario one
has to introduce extra Higgses in order to break parity and the left-right symmetry [11, 12].



2.2 Majorana neutrinos: Type I plus Type II

In the so-called minimal left-right theories it is assumed that the neutrino masses are
generated through the Type I and Type II seesaw mechanisms introducing a pair of Higgs
triplets, Az, ~ (3,1,2) and Ag ~ (1,3,2) [2]. In this case the relevant interactions are
given by

—L, =L, + h (lg C io9Ayr l;, + l£ C iooAR lR) + h.c., (2.13)
h = h', and
5% 0Lk
Arr= <“§0 o ) . (2.14)
LR ~3°LR

Under the left-right parity transformation one has the following relation
A —— Apg. (2.15)

In this case the mass matrix for neutrinos is given by

D\ *
M- — \/5};;% (M) (2.16)
(MP) —v2h*ky,
where (5%7R> = kr,r/V2 and in the limit when M < hkp one gets
My, = V2hkp — (MP)' M1 (M), (2.17)
and
M,, = V2 h*k} (2.18)

Therefore, one can understand the smallness of the neutrino masses as a consequence of
large left-right scale kg (or Myy,) since k;, = v/kgr [2]. Even if this possibility is very
appealing we do not know which is the mechanism responsible for neutrino masses and one
should explore all possibilities, or at least the simplest scenarios at tree level. This is the
main goal of this article.

2.3 The case of Type III seesaw

The realization of the Type III seesaw mechanism has not been studied in the context
of left-right symmetric theories. In order to realize this mechanism one has to introduce
fermionic triplets (one for each family):

L ) V2rf
o == } ~ (3,1,0), (2.19)
2 <\/§PL _p%

and

L Py V2og
o= = . ~ (1,3,0), (2.20)
2 <\/§PR _p?%

and Higgses in the fundamental representation of SU(2); and SU(2)g, respectively.

of
HL = % + 1 A% ~ (27 17 1)7 (221)



and

28
RN
In this case the relevant interactions are given by

—ﬁl{ll =L + Y5 (l% Cioy pr, Hp + lg C ioy pr HR)
+ M, Tr (p] C pr + pf Cpr) + h.c. (2.23)
Notice that in this case under left-right parity transformation one has the following relations
PL < PR and H; «—— Hg. (2.24)

Therefore, once the Higgses H; and Hp get the vevs, vy, and vpg, parity is broken spon-
taneously. In the case when vy = 0 and vr # 0, and integrating out the neutral compo-
nents of the fermionic triplets one finds that the mass matrix for neutrinos in the basis

(v“)rs vr, p%) reads as

0 MP 0

14

MU= | (M) 0 3R] (2.25)
YT’UR
—ZE M,

and the fermionic triplets, pr,, do not mix having a mass matrix equal to M. As one expects
the neutrino masses are generated through the Type I and Type III seesaw mechanisms
and one has a “double-seesaw” mechanism since the mass of the right-handed neutrinos
are generated through the Type III seesaw once we integrate out ,09%.

Assuming that M, > Ysvg/2v/2 > MP one gets

Myey, = MP M} (MP)" (2.26)
with )
v _
M, = ?R Vs (M,)"" Y. (2.27)

Notice the double-seesaw mechanism, where the mass of the right-handed neutrinos are
generated once the fermionic triplet is integrated out (Type III seesaw), and later the light
neutrinos get the mass through the usual Type I mechanism. Here we stick to the case
vy, = 0 since it has been shown in [11] that this solution corresponds to the minimum of the
scalar potential. Also as we will show in the next section when p;, — —pr, which forbids
the mixing between pr, and I;, is a symmetry of the theory the neutral component of the
fermionic triplets can be a cold dark matter candidate. See refs. [17] for early references of
the double seesaw mechanism.

As we have seen in this case since one has a double seesaw mechanism we can have an
interesting scenario for the LHC where the fermionic triplets are at the TeV scale, M, ~ 1
TeV, and the right-handed neutrinos at the scale, M,, ~ 10 GeV. Therefore, as it is well
known in this case one gets small neutrino masses, m, ~ 1 eV, if the Yukawa couplings are
very small. See references [18, 19] for the production of fermionic triplets at the LHC. In



the case when we assume that the left-righ symmetry scale is very large, vg ~ 1071 GeV,
one can have a scenario where Y5 < 1, M, > vg, MP ~ My, and one gets m, ~ 1 eV. In
the next section we will discuss the first scenario in order to understand the possibility to

test this theory at future collider experiments.

3 Cold dark matter and leptogenesis

In this theory a possible candidate for the cold dark matter in the Universe is the neutral
components of Hy, once we impose the symmetry H; — —Hp,. This situation is similar to
the case of Inert Higgs Doublet Models [20]. At tree level the charged component, (bJLr, and
the neutral components, (;5% and AOL in H; have the same mass. However, as it has been
pointed out in ref. [21] once the radiative corrections are considered the charged component
is heavier and the neutral components could be a good cold dark matter candidate. Un-
fortunately, in this case since the real and imaginary components have the same mass one
cannot satisfy the constraints coming from direct detection. Then, we do not stick to this
possibility. It is important to emphasize that the neutral component of Hr cannot be a
CDM candidate since one has to break parity and the left-right symmetry, and in the case
of the neutral components of the bidoublet one knows that both vevs should be different
from zero since one has to generate fermion masses in agreement with the experiment.

In the fermionic sector one can find a natural cold dark matter once we impose the
symmetry pr, — —pp. In this case the cold dark matter candidate is the neutral component
of the lightest fermionic triplet pr. Since in this theory one has to introduce three fermionic
triplets, one for each generation, there are three fields which have the same quantum
numbers as the winos in the minimal supersymmetric SM. At tree level the charged and
neutral components of the lightest triplet have the same mass. However, once the radiative
corrections are included one has the splitting AM ~ 166 MeV and the charged component
decays into the dark matter and a pion before nucleo-syntesis. A cold dark matter candidate
with the same quantum numbers has been studied in [21] where the authors pointed out
that in order to explain the CDM relic density the mass has to be M,, ~ 2.5 TeV. Since
in our case one has three fermionic triplets the cold dark matter candidate has to be the
lightest neutral component, ,0%.

In this theory one could have in principle different leptogenesis mechanisms. In the
case of the natural double seesaw mechanism discussed in the previous section where one
has M, > Ysvg/ 2v/2 > MP | the right-handed neutrinos are lighter than the fermionic
triplets. Therefore, one has the so-called Type I Leptogenesis [22] with extra vertex cor-
rections where we have the fermionic triplets inside the loops. In ref. [23] it has been
studied the leptogenesis mechanism when the neutrino masses are generated through the
Type I and Type III seesaw mechanisms and it has been shown that the fermionic triplets
cannot contribute to the self-energy corrections. These issues will be studied in detail in a
future publication.



4 Spectrum of the theory and possible signals at the LHC

In the previous section we have discussed the main properties of the theory. The properties
of a left-right theory where the Higgs sector is composed of ¢, Hy, and Hp have been studied
in detail by Senjanovi¢ [11] in a seminal paper. In this context the mass matrix for the
gauge bosons Wi, and Wi when vy, = 0 is given by [11]:

Z (2 + v3 — Ly
ME = 4(g£ g 92 (12 ’ ; . 2y | (4.1)
—Luvvg L (vi +v5 +op)

where g;, = gr = g and the mass matrix for the neutral gauge bosons, Z, Z' and A reads as

2
o futed) Eeid) o
Mo = | =% (f +3) G (0F + 03 +0}) —f990% | (4.2)
0 —199%% 19k

with g being the gauge coupling for the U(1)g_1, symmetry. In the case of the Higgs bosons
when vy, = 0 only the Higgses in ® and Hp mix once the symmetry is broken. Notice that
in these two fields one has 12 degrees of freedom, six Goldstone bosons and six physical
Higgs bosons in the theory [11]. Therefore, in total one has ten physical Higgses, four
charged Higgses Hf[ and HQi, four CP-even neutral Higgses HY, HY, Hg and HY, and two
CP-odd states A} and AS.

Let us discuss the possible signals at the LHC which could help us to identify this
theory. As usual in this context one predicts the existence of extra gauge bosons, lezt and
Z'. As is well-known the discovery of these states is crucial to test any left-right symmetric
theory. In the case of Wg one has the mechanism at the LHC, pp — Wy — ervg, where
vr decays into erjj [24]. Then, one has two leptons and two jets with high pp. Defining
the invariant mass M, (ejj) and M;,,(eejj) for vg and Wy, respectively, one should be
able to make the reconstruction and identify these fields. In the case of the Z' [25] one has
the production mechanism, pp — (Z /)* — eTe™ and one looks for excess of dilepton events.

Once we implement the Type III seesaw mechanism in this context one finds that
parity conservation at the left-right scale tells us that the masses of the fermionic triplets
pr, and pgr should be the same. This could be a way to test the model at the LHC if
one finds these states and determines their masses. At the same time since the neutrino
masses are generated through the Type I and Type III seesaw mechanisms one needs to
discover the right-handed neutrinos [19, 26] and the fermionic triplets to test the theory.
Now, in the case of the fermionic triplets p;, one has the following production mechanisms,
pp — ZF %, (Z/)* — pzpz and pp — W} — pfp%. Now, if we stick to the possibility
that the neutral component is responsible for the CDM, the charged component will have
a decay length of few centimeters and decay into the neutral component and a pion. The
fermionic triplets pr can be produced via pp — ~*, (Z/)* — pj{zp]} or pp — Wj — p}i%p%.
In this case p% could decay into a lepton and two jets, while pE decays into three leptons.
All these issues, and the constraints on the Wx mass and the Higgs masses coming from
low-energy processes will be studied in a future publication.



5 Summary and outlook

The implementation of the Type I1I seesaw mechanism for neutrino masses in the context of
left-right symmetric theories where parity is broken spontaneously has been investigated.
We have presented a simple left-right symmetric theory where the neutrinos masses are
generated through a “double seesaw” mechanism which is a combination of the Type I
and Type III seesaw mechanisms. We have found that the lightest neutral component of
the fermionic triplets p;, can be a candidate for the cold dark matter in the Universe. In
this context one could have Type I leptogenesis with extra vertex contributions due to the
existence of the fermionic triplets inside the loops. We have discussed the spectrum of
the theory, and the possibilities to realize the test at the LHC. The phenomenological and
cosmological aspects of this proposal are very rich and deserve to be investigated.
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