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We discuss the simplest mechanisms for generating neutrino masses at tree level and one loop level. We
find a significant number of new possibilities where one can generate neutrino masses at the one-loop level
by adding only two new types of representations. These models have renormalizable interactions that
automatically conserve baryon number. Adding to the minimal standard model a scalar color octet with
SU3) @ SU(2) @ U(1) quantum numbers, (8,2, 1/2), and a fermionic color octet in the fundamental or
adjoint representation of SU(2), one can generate neutrino masses in agreement with experiment. Signals
at the LHC and constraints from flavor violation are briefly discussed.
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L. INTRODUCTION

The existence of massive neutrinos is one of the main
motivations for physics beyond the standard model (SM).
As is well known the neutrinos can be Dirac or Majorana
fermions. In the case of Majorana neutrinos there is a great
variety of scenarios for the origin of neutrino masses. At
tree level we can generate neutrino masses using the well-
known type I, type II, or type III seesaw scenarios. In the
type I seesaw mechanism one adds at least two SM sin-
glets, € ~ (1, 1,0) [1], and once those singlets are inte-
grated out the neutrino mass matrix is given by
M!' =Y, ,Mz'YTv?, where Y, is the Yukawa coupling
between the SM leptonic doublet and the right-handed
neutrinos, v is the vacuum expectation value of the SM
Higgs, and M is the Majorana mass matrix for the right-
handed neutrinos. In the type II seesaw mechanism [2] an
SU(2) scalar triplet is introduced, A ~ (1,3, 1), and the
neutrino mass matrix reads as M/’ = h,v,. Here, h, is
the Yukawa coupling between the leptons and the triplet,
and v, is the vacuum expectation value of the neutral
component of the triplet. It is also possible to generate
neutrino masses at tree level if one introduces at least two
extra fermions in the adjoint representation of SU(2), p ~
(1, 3, 0) [3], and the mass matrix for neutrinos is similar to
the type I case, where one replaces My by M,, the
Majorana mass matrix for the fermionic triplets. This is
the type III seesaw scenario. These are the simplest mecha-
nisms for generating neutrino masses at tree level since
they add just one new type of representation to the minimal
standard model. If one realizes the type III seesaw mecha-
nism in the context of grand unified theories (GUT’s), it is
always a hybrid scenario using type I plus type III seesaw
mechanisms [3]. Of course one can add more than two
fields as in the case of R-parity violation in supersymmetric
theories. See Ref. [4] for a review of different seesaw
mechanisms.
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In this paper we investigate the simplest possible sce-
narios that generate the neutrino masses at one-loop level.
We stick to the cases where there are at most two new types
of fields with different gauge quantum numbers and restrict
our attention, for the most part, to singlet, fundamental, and
adjoint representations of the non-Abelian gauge groups.
We also focus on the case where the new particles have
masses of order the TeV scale (or less) since then it may
be possible to test the origin of neutrino masses
experimentally.

This paper is organized as follows: In the second section
we discuss and classify the simplest scenarios for the
generation of neutrino masses at one-loop level. In
Sec. III phenomenological predictions and signals at the
LHC are briefly discussed. We summarize our findings in
the last section.

II. NEUTRINO MASSES: ONE-LOOP
MECHANISMS

In this section we outline the simplest mechanisms
where neutrino masses are generated at the one-loop level.
It is well known that by introducing one scalar SM singlet
field, & ~ (1, 1, 1), and an extra Higgs doublet, (1,2, 1/2),
one can generate neutrino masses at the one-loop level.
This is the so-called Zee model [5]. In previous studies it
has been shown that it is not possible to generate neutrino
masses in agreement with the experiment [6] in the version
of this model where only one Higgs couples to the leptons.
(This naturally suppresses flavor changing neutral Higgs
couplings.) This scenario is called the Zee-Wolfenstein
model [5,7]. Introducing two scalar leptoquarks, it is pos-
sible to generate neutrino masses at the one-loop level. One
example introduces the scalar fields LQ; ~ (3,2, 1/6) and
LQO, ~ (3,1, —1/3). However, these fields have renorma-
lizable baryon number violating couplings, and proton
decay occurs at tree level. A mechanism is needed to
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FIG. 1. Mechanism at one-loop level.

suppress baryon number violation if both fields are light.
One can impose by hand some symmetries to forbid or
suppress the proton decay rate or have the renormalizable
coupling constants that violate baryon number be very
small. In this paper we restrict our attention to models
where baryon number conservation is an automatic sym-
metry of the renormalizable couplings. See Ref. [8] for
recent studies of models where one generates neutrino
masses at one-loop level using the leptoquark fields LQ; ».

If one introduces just two new types of fields, a scalar S
and the other a fermion p, neutrino masses can be gener-
ated at one-loop level as shown in Fig. 1. Since one can
generate neutrino masses at tree level using fermionic
singlets, v¢ ~ (1, 1, 0), fermionic triplets, p ~ (1, 3, 0), or
scalar triplets, A ~ (1, 3, 1), we do not allow these repre-
sentations. We are mainly interested in cases where colored
fields play a role in the generation of neutrino masses since
they can be produced at the LHC with large cross sections
when their masses are below a TeV.

Let us now analyze the different scenarios where neu-
trino masses are generated through Fig. 1.

Case 1 In this case two fermionic, y ~ (1, 2, 0), fields and
two extra scalars, S ~ (1, 3, 1/2), are added to the minimal
standard model. The new fields, S and y, occur inside the
loop of Fig. 1. The simultaneous presence of the Yukawa
interactions and the quartic interaction between S and H
tells us that the lepton number is broken by two units
generating the usual dimension-five lepton-number violat-
ing operator for neutrino masses. Notice that in this case
the extra fields do not have direct couplings to the SM
quarks. The interactions needed to realize this mechanism
are

- .£] = Y] ZTCZO'QSX + MXXTCZ.O'Z/\/
+ M HTio,STSTH + Hec. (1)

Unfortunately, since the extra fields S and y give rise to
fractionally charged (color singlet) particles, there is al-
ways a stable charged particle in this scenario. Therefore
this case is ruled out by cosmological constraints and
searches of exotic nuclei.

Case 2 One can have alternative mechanisms where the
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extra fields live in nontrivial representations of SU(3). In
order to avoid new anomalies we stick to real representa-
tions of SU(3), the one with the lowest dimension being the
adjoint. Adding one (two) extra scalar S; ~ (8,2, 1/2) and
two (one) fermionic fields p; ~ (8, 1,0), it is possible to
generate neutrino masses at one-loop level via Fig. 1. Since
the scalar octet has hypercharge 1/2, one can use the
quartic interactions between this field and the SM Higgs
in order to generate the dimension-five operator for neu-
trino masses. Notice that p; has the same quantum num-
bers as the gluino in supersymmetric models and §; will
have extra couplings to the standard model quark fields [9].
As in the previous cases we show explicitly the relevant
interactions (here we write just one possible quartic inter-
action for simplicity) needed to generate neutrino masses,

— L, = Y,I"CioySp, + M, TrplCp, + X, Tr(STH)?
+ H.c. (2)

In Eq. (2) the trace is over color matrices. In this case one
can have a consistent scenario for cosmology since the
scalar octet has couplings to the SM matter fields and we
can satisfy all cosmological constraints. As far as we know,
this mechanism has not been discussed in previous studies.
Case 3 One can generalize the previous mechanism using
the extra scalar octet S; ~ (8, 2, 1/2) and taking the extra
fermion field in the adjoint representation of SU(2), p, ~
(8, 3,0). One needs two (one) extra scalars and one (two)
fermion in order to generate neutrino masses and mixings
in agreement with experiment. In this case, in order to
generate neutrino masses, one uses the following interac-
tions:

— L3 = V31" Cioyp,S, + M, Trpl Cpy + A3 Tr(STH)?
+ H.c. 3)

As in the previous case one can satisfy all cosmological
constraints since there are no stable charged particles and
the extra scalar octet has renormalizable Yukawa couplings
to the standard model quarks.

Case 4 It is also possible to introduce two copies of extra
fermions which are in the adjoint representation of SU(3)
and in the fundamental of SU(2), n ~ (8,2,0), and two
extra scalars in the adjoint of both gauge groups, X ~
(8,3,1/2). Notice that in this case the extra scalar octets
do not have Yukawa couplings to the standard model quark
fields since they are in the adjoint of SU(2). Using the
following interactions, neutrino masses are generated at
one loop via Fig. 1,

- £4 = Y4ZTCZO'227] + M77 TrnTCi(Tzn
+ M TrH io, 2 TSTH + Hee. 4)

However, this scenario is also ruled out since it has frac-
tionally stable charged (color singlet) particles.
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TABLE I. Different seesaw scenarios.
Seesaw Extra scalar Extra fermion
scenario representations  representations Status
Tree level
I (1, 1, 0) OK
1T (1,3, 1) OK
11 (1, 3,0) OK
One-loop level
Zee model (1, 1, 1) OK*
Case 1 (1,3,1/2) (1,2,0) Ruled out
Case 2 (8,2,1/2) 8, 1,0) OK
Case 3 (8,2,1/2) (8,3,0) OK
Case 4 (8,3,1/2) (8,2,0) Ruled out

“The Zee-Wolfenstein model, where only one of the Higgs
doublets couples to the leptons, is ruled out [6].

In Table I we summarize the different scenarios showing
the SUB3) @ SU(2) @ U(1) gauge quantum numbers of
the different representations needed. (The color represen-
tation 8 can be replaced by any real representation R.
Higher dimension SU(2) representations are also possible.)
We have shown that to generate neutrino masses at one-
loop level, adding the minimal number of new representa-
tions and imposing no extra symmetries, the most eco-
nomical ways are the Zee model and models that
introduce a scalar octet, (8,2, 1/2), and a fermionic octet
which can be in the fundamental or adjoint representation
of SU(2).

Consider case 2 with two copies of the new fermions.
Working in the mass eigenstate basis for the two new
fermions p¢, the neutrino mass matrix reads as

- A
My = vy 2

o v 1My, M), 5)

with @ = 1, 2. The loop integration factor, I(M a, My, ), is
given by

2 2 2 2 2
M) — b M3 — M2, + M2, In(M2, /M3,)
e
(6)

With just this minimal number of copies of the new fields
there is a massless neutrino. Therefore, there are two types

of spectra: normal hierarchy with m; = 0, m, = y/Am?,

and ms = 4/Am2, + Am2,,, and inverted hierarchy with
my =0, my = /Amz,, and my = y[Am2,, — Am2. Here

Am2; =8 X 107 eV? and Am3,, = 2.5 X 1073 eV? are
the solar and atmospheric mass squared differences. We

can also have a minimal scenario with two extra octet
scalars and one fermionic octet.
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In the limit Mg > M, the neutrino mass matrix be-
comes

. Ay M,
:]V[lysz’aY-]a— 2 1' 7
21 o Mgl (7
Using as input parameters M, =200 GeV, v =
246 GeV, and Mg = 2 TeV, we find that in order to get
the neutrino “scale,” ~1 eV, the combination of the cou-

plings, Y2, ~ 1078, If A, ~ 1 the elements of the Yukawa
coupling matrix ¥, ~ 10~*. The Yukawa couplings can be
larger if A, is smaller. In the scenarios proposed by us it is
possible to reproduce the measured neutrino masses and
mixing using a mechanism that can be tested at the LHC.

As we have discussed before, the simultaneous presence
of the Yukawa term proportional to Y, and the quartic
interaction proportional to A, in Eq. (2) violate lepton
number. In this case, lepton flavor conservation is violated,
even when A, = 0, by the Yukawa couplings Y,. Hence,
even when A, is very small, there are constraints on the size
of these Yukawa coupling constants from limits on the
rates for lepton flavor violating processes like u — e +
v. We hope to investigate these constraints in a future
publication.

III. PHENOMENOLOGICAL ASPECTS

Possible signals.—We now discuss a few of the phe-
nomenological aspects of the scenarios discussed above
assuming that the extra fields have masses of order a TeV
(or less) so that they can be produced at the LHC. In case 2
neutrino masses are generated at one loop using the octet
scalar S; ~(8,2,1/2) and the fermionic octet p; ~
(8, 1, 0). The phenomenological aspects of the scalar octet
have been studied in great detail by several groups [10]. If a
neutral scalar is the lightest new particle it will decay
directly to quark-antiquark pairs at tree level or at the
one-loop level to gluons using the interaction term in the
scalar potential, As TrHtSSST + H.c. [9]. In case 2 the
extra fermion has the same quantum numbers as the gluino
in supersymmetric theories. It can be produced in pairs
through the strong interactions, and its decay width will be
dominated by two-body decays, p; — IS, it M, > Mg +
M,, or three-body decays when §; is virtual. Since the p;
fields are Majorana, one can have very exotic final state
channels with two same-sign charged leptons and four jets.
In particular, the channels pp — pp; — S S\ e;e; —
e e; tth b, where one has leptons with the same electric
charge, two tops, and two antibottom quarks, is the cleanest
channel to test the mechanism for neutrino masses in
case 2.

From the production and decay properties of the scalar
octets, one may be able to determine their masses, and this
information can be used to understand the three- or two-
body decays of the fermionic octet. Once we impose the
constraints coming from neutrino masses, one has some
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information on the Yukawa coupling between the octets
and the leptonic doublets. Unfortunately, they are not
completely determined since the coupling A, multiplies
the neutrino mass matrix [see Eq. (5)].

The phenomenology of case 3 is similar to case 2; how-
ever, one important difference is that there are both electri-
cally charged and neutral color octet fermions. The
splitting between the charged and neutral color octet fer-
mions is small since it is generated at the one-loop level.
One striking channel associated with the production of
charged “gluinos” at the LHC is pp— p3p, —
efe; S1S) — ef ejuirt.

We can generalize cases 2 and 3 above by, for example,
changing the color octet representation to any other real
representation R of the SU(3) gauge group. Interactions
that break the p — —p, S — —§ symmetry are needed to
allow for the new strongly interacting particles to decay. A
term in the scalar potential of the form HTSSST breaks this
discrete symmetry. It allows the neutral members of the S
representation to decay to gluons at the one-loop level. The
octet representation is the smallest real representation. It is
also the only representation that allows for renormalizable
Yukawa couplings of the scalars S to the quarks. In the case
R = 8 the S scalars can decay at tree level to quark-
antiquark pairs.

Other aspects.—If one does not impose minimal flavor
[11] violation, the Yukawa couplings of the S, to quarks
are constrained by the smallness of observed flavor chang-
ing neutral currents. For example, the measured value of
the K; — Kg mass difference implies that the d — s
Yukawa coupling of neutral S to quarks is less than about
1073(My, /TeV). This might seem like a very strong con-
straint; however, it is important to remember that the
electron Yukawa coupling of the standard model Higgs
doublet is about 107,
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Before finishing, we would like to comment on possible
constraints coming from neutrinoless double beta decay.
Cases 2 and 3 have the usual contribution to this rare
process due to the existence of light Majorana neutrino
masses. In addition, the Yukawa coupling of the scalar
octet to the quarks gives rise to new contributions.
However, they are highly suppressed by the masses of
the scalar and fermionic octets.

IV. SUMMARY

We have discussed the simplest mechanisms that gen-
erate neutrino masses either at tree level or at one loop,
where one introduces at most two types of representations
beyond those that are in the minimal standard model. We
found new possibilities where neutrino masses are gener-
ated at the one-loop level and the renormalizable interac-
tions automatically conserve baryon number. The simplest
cases have a scalar octet, (8, 2, 1/2), and a fermionic octet
in the fundamental or adjoint representation of SU(2).
Possible signals at the LHC and the constraints from flavor
violation were briefly discussed. We hope to elaborate on
some of the phenomenological implications of these mod-
els in a future publication.
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