PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: April 4, 2012
ACCEPTED: June 15, 2012
PUBLISHED: July 5, 2012

On the nature of the fourth generation neutrino and
its implications

Alberto Aparici, Juan Herrero-Garcia, Nuria Rius and Arcadi Santamaria

Departament de Fisica Teorica, and IFIC, Universidad de Valencia-CSIC

Edificio de Institutos de Paterna, Apt. 22085, 46071 Valencia, Spain

E-mail: alberto.aparici@uv.es, juan.a.herreroQuv.es, nuria@ific.uv.es,
arcadi.santamaria@uv.es

ABSTRACT: We consider the neutrino sector of a Standard Model with four generations.
While the three light neutrinos can obtain their masses from a variety of mechanisms
with or without new neutral fermions, fourth-generation neutrinos need at least one new
relatively light right-handed neutrino. If lepton number is not conserved this neutrino must
have a Majorana mass term whose size depends on the underlying mechanism for lepton
number violation. Majorana masses for the fourth-generation neutrinos induce relative
large two-loop contributions to the light neutrino masses which could be even larger than
the cosmological bounds. This sets strong limits on the mass parameters and mixings of
the fourth-generation neutrinos.

KEYWORDS: Beyond Standard Model, Neutrino Physics

ARX1v EPRINT: 1204.1021

© SISSA 2012 doi:10.1007/JHEP07(2012)030


mailto:alberto.aparici@uv.es
mailto:juan.a.herrero@uv.es
mailto:nuria@ific.uv.es
mailto:arcadi.santamaria@uv.es
http://arxiv.org/abs/1204.1021
http://dx.doi.org/10.1007/JHEP07(2012)030

Contents

1 Introduction 1
2 Light neutrino masses 3
2.1 Dirac masses 3
2.2 Seesaw 3
2.2.1 Type I: fermionic singlets 3

2.2.2  Type II: scalar triplet 4

2.2.3 Type III: fermionic triplets 5

2.3 Others )
2.4 Weinberg operator 6

3 Fourth-generation neutrino masses 6
4 Light neutrino masses induced by new generations 11
5 Phenomenological constraints 14
5.1 Direct searches 14
5.2 Lepton flavour violation 16
5.3 Universality tests 16
5.4 Light neutrino masses 17
5.5 Neutrinoless double beta decay (0v25) 19
5.6 Four generations and the Higgs boson 20

6 Conclusions 22
A A model for calculable right-handed neutrino masses 23

1 Introduction

In the framework of the Standard Model (SM), fermions are grouped into three families,
each containing a doublet of quarks and a doublet of leptons. The number of families is not
a constructive parameter of the theory, and it could well be four or more; for this reason,
the enlargement of the SM with new generations has been commonly considered [1], and it
has proven to help in dealing with several problems, such as the lack of CP violation in the
SM to explain the baryon asymmetry of the universe [2] or the structure of the leptonic
mass matrices [3]. The currently available SM observables, however, constrain quite tightly
the properties of such new families [4], and the global electroweak fits seem to disfavour
a scenario with more than five generations [5, 6]; maybe the most striking result against
the existence of additional families is the LEP measurement of the number of neutrinos



at the Z peak, which forbids more than three light neutrinos [4], but even this can be
dodged if the neutrinos of the new generations are too heavy to be produced in Z decays.
All in all, the existence of new generations is not actually excluded, and it seems worth
being considered [1], even more now that the LHC is working and exploring the relevant
mass range.

On the other hand, right-handed neutrinos constitute a common new physics proposal,
usually linked to the generation of neutrino masses. This is particularly interesting nowa-
days, ever since we gathered compelling evidence that neutrinos do have masses, that they
lie well below the other fermions’ ones, and that their mixing patterns differ extraordinar-
ily from those of the quark sector (for a review on the matter of neutrino masses see, for
example, [7]). The most straightforward way to construct a mass term for the neutrinos
within the SM is just to rely on the Higgs mechanism, and so to write the corresponding
Yukawa couplings; for that aim, one needs some fermionic fields which carry no SM charge:
right-handed neutrinos. However, we do not know whether neutrinos are Dirac or Majo-
rana. If they are Dirac, the smallness of the neutrino mass scale remains unexplained, for
it would be just a product of the smallness of the corresponding Yukawa couplings. In
order to provide such an explanation, many models and mechanisms have been proposed:
in the so-called see-saw models, the lightness of the neutrino mass scale is a consequence
of the heaviness of another scale. For instance, this scale is the lepton-number-violating
(LNV) Majorana mass of the extra right-handed neutrinos in type I see-saw [8-11]. On the
other hand, radiative models propose that neutrino masses are originated via suppressed,
high-order processes [12-15]. Although some of these proposals do not require right-handed
neutrinos, for the sake of generality it is a good idea to consider their possible involvement
in the generation of neutrino masses.

In this work we aim to discuss the naturality of the various scenarios arising when
new generations and right-handed neutrinos are brought together. Several previous works
have considered such association, either explicitly, in order to provide a mechanism for
mass generation, or implicitly, when assuming Dirac neutrinos in their analyses [16-25].
We argue that unless a symmetry is invoked which separates the new family from the first
three, the coexistence of both Dirac and Majorana neutrinos is not stable under radiative
corrections and doesn’t seem natural [25, 26]. Furthermore, the presence of a fourth family
plus a right-handed Majorana neutrino triggers the generation of Majorana masses for the
light species through a well-known mechanism [16, 17, 23, 25, 27-29]; the upper bounds on
the light neutrino masses can thus be translated into bounds on the mixings with the new,
heavy generations.

This paper is structured as follows. In section 2 we start by reviewing the different
mechanisms which can provide light neutrino masses. In section 3 we discuss the natural-
ness of those mechanisms to generate the fourth-family neutrino mass and conclude that
at least one right-handed neutrino is needed. Assuming that light neutrinos are Majorana,
we use naturalness arguments to provide a lower bound on the Majorana mass of the right-
handed neutrino. In section 4 we consider a minimal four generation SM with only one
relatively light right-handed neutrino and Majorana masses for light neutrinos parametrized
by the Weinberg operator [30, 31]. We describe the radiative, two-loop contribution of the



heavy fourth-family neutrinos to the light neutrino mass matrix. In section 5 we discuss
the phenomenological consequences of this minimal four-generation scenario with heavy
Majorana neutrinos (lepton flavour violation, universality bounds, light neutrino masses,
neutrinoless double beta decay,. .. ), and we conclude in section 6. Appendix A is devoted
to describe an explicit example in which a finite Majorana mass for the fourth-generation
right-handed neutrino is radiatively generated.

2 Light neutrino masses

The huge hierarchy between neutrino masses and those of all other fermions has triggered
the appearance of many different mechanisms to explain the lightness of neutrinos. Here
we briefly review some of these mechanisms, with special emphasis on the frameworks that
are able to explain neutrino masses including a fourth generation, which will be discussed
in the next section.

2.1 Dirac masses

If there are right-handed neutrinos and a conserved global symmetry (for instance B — L)
prevents them from having a Majorana mass, neutrinos are Dirac particles, as all other
fermions in the SM. However, in this scenario there is no explanation for the smallness
of neutrino masses, having to impose by hand extremely tiny Yukawa couplings, approxi-
mately 6 (11) orders of magnitude smaller than the electron (top) one. Therefore, although
in principle it is possible, a Dirac nature does not seem the most natural option for neutri-
nos (but see, for example, [3], for a proposal in this direction which avoids tiny Yukawas).

2.2 Seesaw

Seesaw models are minimal extensions of the SM which can naturally lead to tiny (Majo-
rana) neutrino masses, keeping the SM gauge symmetry, SU(3)c ® SU(2);, ® U(1)y and
renormalizability, but giving up the (accidental) lepton number conservation of the SM.
Let’s explain briefly the different types to fix notation.

2.2.1 Type I: fermionic singlets

In type I see-saw [8-11, 32], n SM fermionic singlets with zero hypercharge are added to
the SM; these have the quantum numbers of right-handed neutrinos, and can be denoted
by vgr;. Note that to explain neutrino data, which requires al least two massive neutrinos,
a minimum of two extra singlets are needed. Having no charges under the SM, Majorana
masses for right-handed neutrinos are allowed by gauge invariance, so the new terms in the
Lagrangian are:

1 .
Ly, = iRV OuvR — <21/§M1/R +0pY v + H.C.) , (2.1)

where £ and ¢ are respectively the lepton and Higgs SM doublets, d=1im @* with 79, the
second Pauli matrix, acting on the SU(2)y, indices, M is a n X n symmetric matrix, Y is a
general 3 X n matrix and we have omitted flavour indices for simplicity. After spontaneous



symmetry breaking (SSB), (¢) = vy with vy = 174 GeV, the neutrino mass terms are

1 — 0 m Ve
Eumass = _5 (TL Vf{) (mg ]\;) (V;) + H‘C'7 (22)

where mp = Yvg. The mass scale for right-handed neutrinos is in principle free, however

given by

if M > mp, upon block-diagonalization one obtains n heavy leptons which are mainly
SM singlets, with masses ~ M, and the well-known see-saw formula for the effective light
neutrino Majorana mass matrix,

my, ~ —mp M~ mg | (2.3)

which naturally explains the smallness of light neutrino masses as a consequence of the
presence of heavy SM singlet leptons.

2.2.2 Type II: scalar triplet

The type II see-saw [33-37] only adds to the SM field content one scalar triplet with
hypercharge Y = 1 (we adopt the convention that Q@ = Y + T3) and assigns to it lepton
number L = —2. In the doublet representation of SU(2);, the triplet can be written as a
2 x 2 matrix, whose components are

C(xtVE Xt
X_< X0 —X+/\/§>' (24)

Gauge invariance allows a Yukawa coupling of the scalar triplet to two lepton doublets,

L= ((F)aplaxts +He.) = V() (2:5)

where Y, is a symmetric matrix in flavour space, and 0 = ity (°. The scalar potential has,
among others, the following terms:

Vg, x) = miTr[XXT] — <u oixTo + H.c.) +... (2.6)

The p coupling violates lepton number explicitly, and it induces a vacuum expectation
value (VEV) for the triplet via the VEV of the doublet, even if m, > 0. In the limit
my > vg this VEV can be approximated by:

(X) = vy~ —5; (2.7)

then, the Yukawa couplings in equation (2.5) lead to a Majorana mass matrix for the

left-handed neutrinos
2
KUy
my, = 2Y,vy = 2Y, —-. (2.8)

2
my

Neutrino masses are thus proportional to both Y, and p. Such dependence can be un-
derstood from the Lagrangian, since the breaking of lepton number L results from the



simultaneous presence of the Yukawa and u couplings. As long as mi is positive and large,
vy will be small, in agreement with the constraints from the p parameter, v, < 6 GeV [38] A
Moreover, the parameter p, which has dimensions of mass, can be naturally small, because
in its absence lepton number is recovered, increasing the symmetry of the model.

2.2.3 Type III: fermionic triplets

In the type III see-saw model [40, 41], the SM is extended by fermion SU(2)y, triplets
Yo with zero hypercharge. As in type I, at least two fermion triplets are needed to
have two non-vanishing light neutrino masses. We choose the spinors ¥, to be right-
handed under Lorentz transformations and write them in SU(2) Cartesian components
Yo = (31,32 %33). The Cartesian components can be written in terms of charge eigen-
states as usual

mf=h-i), Moz, %=

and the charged components can be further combined into negatively charged Dirac fermions

(2L 4+ix2), (2.9)

E, =3, +Y1¢ Using standard four-component notation the new terms in the Lagrangian
are given by

= - 1 = o J— - ~
Ly =i5a7" D, - Lo — <2Maﬁzg S+ Yagla (7 55) 6+ H.c.) , (2.10)

where Y is the Yukawa coupling of the fermion triplets to the SM lepton doublets and the
Higgs, and M their Majorana mass matrix, which can be chosen to be diagonal and real
in flavour space.

After SSB the neutrino mass matrix can be written as

1 = 0 m Ut
‘CV mass — _5 (TL EOC) (mT J) (Zlé> + H-C-a (211)

D

which is the same as in the type I see-saw just replacing the singlet right-handed neutri-
0

o, and therefore leads to a light neutrino

nos by the neutral component of the triplets, 3
Majorana mass matrix

my, ~ —mp M~ mp. (2.12)

However, since the triplet has also charged components with the same Majorana mass, in
this case there are stringent lower bounds on the new mass scale, M 2 100 GeV.

2.3 Others

Here we briefly summarize non minimal mechanisms which also lead to Majorana light
neutrino masses. Most of these models do not include right-handed neutrinos and are
designed to obtain tiny Majorana masses for the left-handed SM neutrinos, so we can
anticipate that they will not be appropriate for the fourth generation.

'This bound is calculated after the inclusion of the one-loop corrections to the p parameter, and is
slightly looser than other previously obtained from electroweak global fits (see, for example, [39]). Note
also that the authors of [38] use a different normalisation for the VEV, and hence the difference between
their value and the one we present here.



a) Radiative mechanisms. Small Majorana neutrino masses may also be induced by
radiative corrections [12-15]. Typically, on top of loop factors of at least 1/(4m)?,
there are additional suppressions due to couplings or ratios of masses, leading to
the observed light neutrino masses with a new physics scale not far above the elec-
troweak one.

b) Supersymmetry. There is an intrinsically supersymmetric way of breaking lepton
number by breaking the so-called R parity [42-51] (for a review see [52]). In this
scenario, the SM doublet neutrinos mix with the neutralinos, i.e., the supersymmet-
ric (fermionic) partners of the neutral gauge and Higgs bosons. As a consequence,
Majorana masses for neutrinos (generated at tree level and at one loop) are naturally
small because they are proportional to the small R-parity-breaking parameters.

2.4 'Weinberg operator

As we have mentioned, it does not seem very natural that neutrinos are Dirac particles;
assuming that they are Majorana, we will be often interested in abstracting from the actual
mechanism of mass generation. In such case, if the light degrees of freedom are those of
the SM we can parametrise the Majorana masses in terms of the well-known dimension 5
Weinberg operator? [30, 31]:

1 Caﬁ

5= 2w

(la®) (¢45) + Hec., (2.13)
where Ay > vy is the scale of new physics and ¢, are model-dependent coefficients with
flavour structure, which in some models can carry additional suppression due to loop factors
(as is the case in radiative mechanisms) and/or ratios of mass parameters (for instance in
type II see-saw ¢ o< p1/my ). In those cases we will assume that Ay is directly related to
the masses of the new particles and absorb all suppression factors in c,g.

Upon electroweak symmetry breaking, the Weinberg operator leads to a Majorana
mass matrix for the light neutrinos of the form

U(% 2.14
my, =c—. .
v AW ( )

Notice that if c,p is suppressed, the scale Ay, does not need to be extremely large in order
to fit light neutrino masses and, thus, the Weinberg operator can parametrize a variety of
Majorana neutrino mass models, including those with masses generated radiatively.

3 Fourth-generation neutrino masses

If there exists a fourth generation, the fourth-generation neutrinos must be massive (with
masses 2, myz/2 in order to avoid the strong limits for the number of active neutrinos
found at LEP). In principle all mass mechanisms available for the light neutrinos are also
available to the fourth-generation neutrinos, however, the fact that they must be quite

2In supersymmetric models, QE = H,, since there are two Higgs doublets.



massive changes completely the discussion of the naturalness of the different mechanisms.
Let us discuss them:

a) Dirac masses.

Since the fourth generation must be at the electroweak scale, this mechanism of
mass generation is quite natural for the fourth-generation neutrinos as long as lepton
number is conserved.

b) Fermionic singlets with Majorana mass.

If lepton number is not conserved there is no reason to forbid a Majorana mass term
for right-handed neutrinos (see the discussion below). However if mg > mp the
see-saw formula applies and the spectrum contains a relatively light, almost-active
neutrino with mass my ~ m%/mpg, which must be heavier than mz/2. Therefore
mp < m% /mz and the mass of the right-handed neutrino cannot be much larger
than the electroweak scale. On the other hand, if mgr < mp there are two almost
degenerate neutrinos and we are in the pseudo-Dirac limit, which does not pose any
problem.

c) Scalar triplet.

In principle, as in the case of light neutrinos, scalar triplets could also be used to

obtain Majorana masses for the fourth-generation neutrinos. However, the strong
< 6 GeV will yield

~

limits on the triplet’s VEV coming from the p parameter v,
fourth-generation neutrino masses too small. This limit could be relaxed a bit if
radiative corrections to the p parameter coming from triplet masses are large and
such that cancel in part the deviations induced by the triplet’s VEV, but this will
require quite a high degree of fine tuning among rather different quantities. Therefore,
this mechanism alone is not a natural mechanism for the fourth-generation neutrino

masses.

d) Fermionic triplets.

This is similar to b), but together with the right-handed neutrinos there come new
charged fermions degenerate with the neutral component. Since production limits tell
us that the charged fermions must be heavier than about 100 GeV, in this case the
pseudo-Dirac limit is not possible. Moreover these new fermions cannot be extremely
heavy, because otherwise the active neutrino will be too light. We conclude that this
mechanism is viable but much more constrained than b).

e) Radiative mechanisms and SUSY with broken R parity.

Neutrino masses in these models are strongly suppressed with respect to the elec-
troweak scale by either loop factors, couplings and/or ratios of masses. Therefore
they are not viable for the fourth generation.

f) Weinberg operator.

In principle the Weinberg operator could also be used to give Majorana masses to
the fourth-generation neutrinos. However, it will provide masses O(v3/Ay) which
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Figure 1. The two-loop process that provides a Majorana mass for the fourth-generation right-
handed neutrino in the framework of type I see-saw. The indices ¢ and j represent any of the
four families; the index k, however, represents only the right-handed neutrinos associated to the
generation of masses for the light families, k = 1,2, 3.

should be 2 myz/2, so the scale of new physics Ay can not be much larger than
the electroweak scale v4 and the effective theory does not make sense. Therefore the
Weinberg operator does not provide a useful parametrization of the fourth-generation

neutrino mass.

We can therefore conclude that only a), b) (which includes a) in some limit) and
possibly d) are good mechanisms for the fourth-generation neutrino masses. It seems then
that to describe correctly the fourth-generation neutrino one needs at least one right-
handed neutrino (either SM singlet or triplet) which has standard Dirac couplings to the
doublets. If this RH neutrino is a SM triplet, we have seen that its Majorana mass is in
the range 100 GeV < mp < few TeV.

However, if the right-handed neutrino is a SM singlet it could have a very small or
even vanishing Majorana mass term. Is it natural to have Dirac neutrinos for the fourth
generation? The answer is simple: yes, provided there is a symmetry that protects them
from acquiring a Majorana mass term. This is not the situation if the light neutrinos are
Majorana, as most of the SM extensions that we considered in section 2, and they can mix
freely with the heavy fourth family. We argue that in such a case a Majorana mass term
for the fourth right-handed neutrino should be allowed just on symmetry grounds, and in
fact, based on naturality arguments, a lower bound for this Majorana mass can be given.

Let us consider first the case in which the three light neutrinos obtain their masses via a
type-I see-saw containing heavy right-handed neutrinos with masses mgy (with £ = 1,2,3)
of the order of 10'2-10'® GeV. Since lepton number is not conserved it is natural to
consider a Majorana mass term for the fourth right-handed neutrino, vry. However, in
order to satisfy the LEP bounds on the number of light active neutrinos, mgy4 should be, at
most, of the order of a few TeV and, therefore, much smaller than mgg. Thus, one might
think that perhaps it is more natural to set directly mrqs = 0 and consider only Dirac
neutrinos for the fourth generation. The question that arises then is whether this choice
is stable or not under radiative corrections and what is the natural size one might expect
for mpy, since setting mpy4 = 0 does not increase the symmetries of the Lagrangian. The



answer can be obtained from the diagram in figure 1 which gives a logarithmically divergent
contribution to mgy4 induced by the presence of the three heavy Majorana neutrino masses,
mgg [25, 26]. Thus, above the mpgy scale, mpy4 and mpgg mix under renormalization and
do not run independently. Therefore, even if one finds a model in which mgy4 = 0 at some
scale Ao > mgy, mgra will be generated by running from Ag to mgy. This running can
easily be estimated from the diagram in figure 1 and, barring accidental cancellations, one
should require

mra 2 )t ZYVL kmreY Y In(Ac/meg) 2 ) ZYM wamreYYe, o (3.1)
ijk ijk

where 4,5 = 1,2,3,4, k = 1,2,3 and in the last step we have taken In(Ac/mgx) 2 1.
Of course, given a particular renormalizable model yielding mrs = 0 at tree level (see
appendix A for an explicit example) one should be able to compute the full two-loop
mass Mgy, which will be finite and will contain the logarithmic contributions we have just
discussed.

Eq. (3.1) sets the lower bound that we had announced. Let us now estimate its
value; bearing in mind that in type I see-saw the light neutrino masses are given by>
(Mmw)ij ~ >k Yiijkvi/mRk. Then, by taking all mpy, of the same order we can rewrite the
bound as

Z4 Z] Yig mg,

mRa > Z 2 (3.2)
To give a conservative estimate we consider only the contribution of the first three gen-
erations because we expect their Yukawa couplings to the fourth right-handed neutrino
to be somewhat suppressed due to universality and LFV constraints [16, 17, 23, 53] (say,
Y4 ~ 1072). Once we fix the neutrino masses and the Yukawa couplings between the
fourth-generation neutrino and the first three, mgy grows quadratically with mgy. For
m, = 0.01 eV and Y4 = 0.01 we obtain that mpg4 is of order keV, GeV, PeV for
mri = 10%,10'2, 10 GeV, respectively. The contribution of the fourth active neutrino is
not necessarily suppressed by the Yuwawa couplings and, in principle, by using it, even
more restrictive bounds on mpy could be set. However, as (m, )44 is model-dependent,* we
keep the most conservative bound.

Let us consider now the case in which the three light neutrinos obtain their masses
through the type II see-saw mechanism (see section 2.2.2), i.e., through their coupling to
a scalar triplet, x, which develops a VEV. As discussed in section 3, this triplet cannot
be the only source Majorana masses for the fourth-generation neutrinos and, at least, one
right-handed neutrino is needed. We will assume then that there is a right-handed neutrino
which has Yukawa couplings to the four SM doublets. In this scenario one can easily see
that the right-handed neutrino will acquire, at two loops (as seen in figure 2), a Majorana

3Notice that by integrating out the three heavy right-handed neutrinos we obtain a Majorana neutrino
mass matrix for the four active neutrinos which is of the order of the light neutrino masses.

*In this case, (m,)aa is the see-saw mass induced by only the three heavy right-handed neutrinos, thus,
it could even be zero if the Yukawas between the fourth lepton doublet and the three right-handed neutrinos
vanish for some reason.
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Figure 2. The process that provides a Majorana mass for the right-handed neutrino associated to
the fourth generation in the framework of type II see-saw.

mass. This just reflects the fact that the right-handed neutrino mass mg4 and the trilinear
coupling of the triplet, y, mix under renormalization. Applying the same arguments used
in the case of see-saw type I for light neutrino masses and the estimate of the diagram in
figure 2 we can write

H *
MR4 2 (an) %: Yia(Yy )i Yia (3.3)

where Y, are the Yukawa couplings of the triplet to the lepton doublets and, as before, we
have taken In(Ac/my) 2 1. As in the type I see-saw case the result can also be expressed
in terms of the light neutrino masses (m,);; ~ (Yx)ijlw?b / mi; thus

Yig(m2)i;Yia m3
> E ? v)t)"] X 3.4
MRp4 < 7 (47_(_)4 ’U; ) ( )

which shows a similar structure to that obtained for type I see-saw, eq. (3.2). The same
result is obtained for type III see-saw, whose couplings are analogous to those of type I.

The similarity of the two results suggests that bounds of this type are quite general
and should appear in all kinds of four-generation models with light Majorana neutrinos.
In fact, as discussed in section 2.4, light Majorana neutrino masses can be parametrized in
many models by means of the Weinberg operator, eq. (2.13), which yields neutrino masses
given by eq. (2.14). Then, one could draw a two-loop diagram analogous to the diagrams
in figures 1 and 2 but with the propagators of heavy particles pinched and substituted
by one insertion of the Weinberg operator. This diagram is quadratically divergent and,
therefore, its contribution to mgy4 can not be reliably computed in the effective field theory
because it depends on the details of the matching with the full theory from which the
effective one originates (in fact it vanishes in dimensional regularization or in any other
regularization scheme allowing symmetric integration), but one can use naive dimensional
analysis to estimate contributions of order

Aw Yia(m})i;iYia A2W
~N — . * NN RNV J=J .
MRA () Eij Yiaci;Yja (dn)? Uﬁ (3.5)

which is precisely the result obtained in the see-saw models discussed above if one identifies
Aw ~ mgy, m,. However, it is important to remark that in the low energy effective theory
mRy4 is a free parameter, and eq. (3.5) is only a naive dimensional analysis estimate of what
one would expect in a more complete theory.

~10 -



4 Light neutrino masses induced by new generations

After the discussion above, to describe correctly the neutrino sector of models with four
generations we need just one relatively light right-handed neutrino, v, to give Dirac mass
terms to the fourth-generation neutrinos, while Majorana masses for light neutrinos can
be parametrized by the Weinberg operator. We will work in this minimal four-generation
scenario, thus, the relevant part of the Lagrangian for our discussion is

Ly = —@Y;eR(ﬁ - Zyu};{& - izzf{mRyR + %(ﬁ(ﬁ)mL(cﬂﬁ) + H.c., (4.1)
where ¢ and er contain the four generation components while vy is the only right-handed
neutrino. Thus Y, is a completely general 4 x 4 complex matrix, y is a 4 component column
vector, mp is just a number and my, is a general complex symmetric 4 x 4 matrix. The
Dirac limit is recovered when mg = 0 and my, = 0. Since light neutrino masses are very
small, we will assume my, < vy while mg, as we immediately see, cannot be very large
to ensure there are only three light active neutrinos. Moreover, as shown in the previous
section, we do not expect it to be zero if my, is not zero.

Above we have taken for my, a general complex symmetric 4 X 4 matrix in spite of
the fact that to describe the light neutrino sector we just need a 3 x 3 matrix. This is
because in most of the neutrino mass models one also obtains contributions to the fourth-
generation Weinberg operator. For instance, we give below the values of m, one obtains
for the different types of seesaw.

If the three light neutrino masses are generated by the seesaw mechanism type I or
type III, we need three of the right-handed neutrinos much heavier than the fourth. We
can always choose a basis in which the Majorana mass matrix of right-handed neutrinos
is diagonal and integrate out the three heavy right-handed neutrinos. The result can be
writen in terms of the Weinberg operator in (4.1) with

(Yo) ok (Yo) i
(MmL)ag = — 2 PRE, (4.2)
i kz1:,2,3 MRk ’

where mpy, are the eigenvalues of the diagonal Majorana mass matrix of the three heavy
right-handed neutrinos, while (Y,),, are the Yukawa couplings of the three heavy right-
handed neutrinos with the four lepton doublets. Then, the 4 x 4 mass matrix (4.2) is
projective and has at most rank 3.

If the three light neutrino masses are generated by the VEV of a triplet (type II
see-saw), we will have

(mL)ag = 2(Yy)apvy (4.3)

being (Yy)qs the Yukawa couplings of the 4 lepton doublets to the triplet and v, ~ /w?5 / mi
its VEV. In this case, my, is a completely general 4 x 4 symmetric complex matrix.
After SSB the neutrino mass matrix (in the basis (1], vr)) is

mi, Yv
M = ( i ¢> . (4.4)
y vy my

- 11 -



To diagonalize this mass matrix we perform first a 4 x 4 rotation in order to separate heavy
from light degrees of freedom, so we change from the flavour basis (ve,v,, V7, VE) to a new
basis 1, v, 5,7 in which the first three states are light (with masses given by my,) and
only vy mixes with vg. Then, we have vy =3, Vv (i =1,---,4, « = e, u, 7, E), where
V' is a orthogonal matrix, and we define

Yo

ol = =
\/Z/jyg

Now, we are free to choose v{, 5, 4 in any combination of ve, vy, v7, Vg as long as they are
orthogonal to v}, i.e., Y, VarNa = 0 for k=1,2,3. The orthogonality of V' almost fixes all
its elements in terms of N,, but still leaves us some freedom to set three of them to zero.
Following [16, 17] we choose V1 = Vg1 = Vga = 0 for convenience. The transpose of the
matrix V is:

N, = (4.5)

N, — Ne
—_— —_— 0 0
\/NE+ N2 \/ N2+ N2
N.N. NN, - N2—-N? 0

VT = 2 2 2 2 2 2 2 2 2
VN2 N2 (1= NB) (N2 + N2)(1 - NE) /(N2 + N2)(1 - N3)
N.Ng N,Ng N,Ng

VI Vi VT V=N

Ng.
(4.6)
After this rotation the neutrino mass matrix is
w1 0
77~”LL w2 0
M = ws 0 : (4.7)

W1 Wy W3 W4 Mp

0 0 0 mp MR
where (M )k = (VmLVT)kk/ is a 3 x 3 matrix with k, k' = 1,2,3, wy = (VmLVT)4k,
wy = (VmpV7T)yy and mp = vg/>, y2. Since my,wk,ws < mg,mp, the matrix M
can be block-diagonalized using the see-saw formula. Then, the mass matrix of the light
neutrinos (at tree level) will be

m® =my, — — B 55T, (4.8)

MRW4 — m]%

while the heavy sector will be obtained after diagonalizing the 2 x 2 matrix

My = < A mD) . (4.9)

mp MR

Neglecting wy, this diagonalization leads to two Majorana neutrinos

vy = icosO(—vy + vy) +isinf(vr — vg) (4.10)
vy = —sin@(vy + vy) + cosO(vr + vR) (4.11)
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with masses

1
mig =g (. /mr? + 4md F mR> , (4.12)

and mixing angle tan?# = mg4/mz. The imaginary unit factor i and the relative signs
in v4 are necessary to keep the mass terms positive and preserve the canonical Majorana
condition vy = v§. If mr < mp, we have my =~ my, tanf ~ 1, and we say we are in the
pseudo-Dirac limit while when mgr > mp, my =~ m2D /mpr and mj &~ mg, tanf ~ mp/mg
and we say we are in the see-saw limit.

Eq. (4.8) can be used as long as mpws — m is different from zero. However, we
expect mg to be below few TeV and w4 below 1eV. Therefore mrwy < m2D unless mp is
very small but, in that case, the fourth-generation neutrinos will be too light. Thus, the
correction to the 3 X 3 neutrino mass matrix is projective (only one eigenvalue different
from zero) and it is naturally order m% and, therefore, negligible.

Summarizing, there are two heavy neutrinos 4 and 4 (with a small pollution from mp,
which can be neglected) and a tree-level mass matrix for the light neutrinos ml(/o) ~ Mmy,.
Therefore, neglecting the small w;’s in eq. (4.7), the 5x5 unitary matrix which relates the
flavour with the mass eigenstate basis can be written as U = U - Uy, being Uy the rotation
in the heavy sector which diagonalizes the mass matrix My in eq. (4.9) and Uy, given by

0 00
0 W 00
1%
UL = 0 00 |, (4.13)
0 000 10
0000 1 000 01

where V' rotates from the v/ basis to the flavour basis (see eq. (4.6)) and W is the matrix
which diagonalizes /1. Within this approximation, the mixing among the light and the
heavy sector, which we wish to constrain, depends on (UL)a4 = Vaa = Na.

Having fixed the tree-level neutrino mass spectrum and given the huge hierarchies
present we should consider the stability of the results against radiative corrections. One can
check that there are no rank-changing one-loop corrections to the neutrino mass matrices.
This result can be easily understood in the v/ basis that we defined before, since the light
neutrinos (v, v4, /4) are decoupled from the heavy sector, v4, vz, so there are not one-loop
diagrams involving the fourth-generation neutrinos with light ones as external legs.

However it has been shown [16, 17, 23, 27] that two-loop corrections induced by the
fourth-generation fermions can generate neutrino masses for the light neutrinos even if they
were not present at tree level, see figure 3. In the v/ basis the result reads (see [23] for
details)

4
2 9
(mV)z(j) = _%mRmQD Z Vi Vaam?, Z ngvﬁz;m%gfag , (4.14)
« B

where the sums run over the charged leptons o, 8 = e, u, 7, E while i, j = 1,2,3, and I,g is a

(2)

loop integral which was discussed in [23]. When mg = 0, (m,);;” = 0, as it should, because
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Figure 3. Two-loop diagram generating light neutrino masses in the presence of a Majorana fourth
generation.

(2)
ij
then the right-handed neutrino decouples completely and lepton number is again conserved.

in that case lepton number is conserved. Also when mp = 0 we obtain (m,),;;” = 0, since

To see more clearly the structure of this mass matrix we can approximate m, =

my, = m,; = 0; then, since we have chosen V1 = Vg1 = Vgz = 0, the only non-vanishing

2) (2)

element in (m,);;” is (my )33 and it is proportional to VZ,N2m4Igg. Therefore, the largest

contribution to (m,)® is given by:
(2) 9" 22 2 2 2, 4
(mv)s3 = —mTNE(Ne + Ny + No)mrmpmpler
w
g' (N2 + N2 + N?) MM ), (4.15)
m n— :
2(am)d e T TR T

where in the last line we have used the approximated expression of the loop integral Igp
in the case mp > my 3 > mw for definiteness, but other mass relations lead to analogous
conclusions. Keeping all the charged lepton masses one can easily show that the eigenvalues
ﬁ, mi, m‘}; which gives a huge

hierarchy between neutrino masses. Therefore, as discussed in [23, 26], these radiative

of the light neutrino mass matrix are proportional to m

corrections cannot explain by themselves the observed spectrum of masses and mixings,
although they lead to a strong constraint for this kind of SM extensions which we will
analyze in the next section.

5 Phenomenological constraints

5.1 Direct searches

Let us now discuss the constraints that several phenomenological tests impose on the
parameters of this minimal four-generation (4G) model. Direct searches for the new heavy
leptons can be used to set limits on the Yukawa couplings and the Majorana mass of the
vr. In the case of the heavy charged lepton, searches at LEP [4] yield mp > 100.8 GeV
(assuming it decays rapidly to vW; a slightly poorer bound is obtained if the lepton is

— 14 —



S = -
my = 33.5 GeV g

-
——
-
-
-
-
-
-
-
-
-
-
-

1000}

mg (GeV)

100}
my = 700 GeV

10— 200 200 600 800 1000

mp (GeV)

Figure 4. The shaded region shows the allowed values for the Majorana and Dirac masses of
the heavy neutrinos given the LEP bound mpy > 33.5 GeV on stable neutrinos with both Dirac
and Majorana masses. We also display a dashed line in the 62.1 GeV limit for unstable neutrinos.
Two more lines are drawn for completeness, giving an idea of the combination of parameters that
produces two possible, allowed masses for the lightest heavy neutrino.

long-lived and can be tracked inside the detectors), which can be immediately translated
into a bound on the corresponding Yukawa. For the heavy neutrinos, we can have different
bounds depending on their stability and the Dirac or Majorana character of their masses [4]:
stable neutrinos, for example (understood here as ‘stable enough to get out of the detectors
after production’), are only constrained by the requirement that they don’t show up in the
invisible decays of the Z boson. Unstable (visible) neutrinos get tighter bounds due to the
non-observation of their decay products. As we are not making any a priori assumption
about the neutrino mass structure, we will select here the most conservative from this set of
bounds; that corresponds to a stable neutrino with both Dirac and Majorana mass terms,
for which we demand my > 33.5 GeV [54]. The weakest bound for an unstable neutrino,
which applies if it has again both Dirac and Majorana mass terms, will also be of use; we
need in that case my > 62.1 GeV [20]. As these bounds apply to the physical masses of
the neutrinos, which as seen in egs. (4.10)—(4.12) are nonlinear combinations of the Dirac
and Majorana components, we display in figure 4 the translation of the 33.5 and 62.1 GeV
bounds into the mp — mp plane, together with several other lines to give an idea of the
relations between physical masses and Lagrangian parameters.

As explained in section 4, the neutrino Yukawas ¥y, encode the mixings between the
flavour-eigenstate neutrinos v, and the mass eigenstates v43. Thus, we can use mixing-
mediated LF'V processes to constrain the values of the light neutrino Yukawas ye, y,, y-. It
is important to note, however, that the situation is not the same for ‘stable’ and unstable
neutrinos; so-called stable neutral leptons are constrained to decay outside the detectors,
which implies that the mean free path must go beyond O(m). The lightest of our heavy
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Experimental bounds at 90% C.L. [4, 56] | Constraints on the mixings
B(p— ey) < 2.4 x 10712 NeN, <2.85x 1074
B(T — ey) < 1.85x 1077 NN, < 0.079
B(T — uy) < 2.5 x 1077 N,N: < 0.093

Table 1. Summary of the constraints derived from low-energy radiative decays.

neutrinos can only decay through mixing (the main channel being vy — (W, a = e, u, 7,
with a possibly virtual W depending on the mass of the v4), so this statement is actually
a constraint on the Yukawas, implying 7o ~ N4 < 1076, This constraint is much stronger
than any other phenomenolgical bound, and so it ends the discussion for stable neutrinos,
which must have very small mixings that won’t be observable in low-energy experiments
in the near future (see below). For the rest of this section we will consider the case of

unstable neutrinos, which present a richer variety of constraints.

5.2 Lepton flavour violation

Let us now discuss the bounds on violation of lepton family number that can shed light
on the relevant mixings of our model; the most stringent limits are derived from the non-
observation of radiative decays of the form ¢, — £g7.° In our model, the ratios for such
processes are given by

F(ga —>£5’7) B 3o N 2/
o = b))~ 27 ZM%UMH (mifmi)| (5.1)

B(Ea — 65’7)

where H(x) is a loop function that can be found in [53], and the sum proceeds over all the
heavy neutrinos® (one in the Dirac case, two if they are Majorana). The weakest bounds
are obtained if only one neutrino with light mass runs inside the loop; this corresponds
either to the Dirac limit with a low mass or to a hard see-saw limit, with the heavy neutrino
almost decoupled due to its small mixing. We will assume this scenario in our calculations
in order to produce conservative bounds. Table 1 summarises the experimental limits and
the constraints that can be extracted from these processes.

5.3 Universality tests

A second class of constraints upon family mixing arises from the tests of universality in
weak interactions. For our purposes, these are either direct comparison of decay rates of
one particle into two different weak-mediated channels, or comparison of the decay rates
of two different particles into the same channel.” If the weak couplings are to be the

®Bounds obtained from present data on u—e conversion in nuclei [4] are of the same order. However, there
are plans to improve the sensitivity in p—e conversion in 4 and even 6 orders of magnitude [55], therefore
we expect from this process much stronger bounds in the future.

5Note this expression contains the contributions from the light neutrinos; by using unitarity of the mixing
matrix, they are included in the definition of H(x).

"Data from neutrino oscillations can also be used to constrain the elements of the leptonic mixing
matrix [57], however, they lead to weaker bounds than the ones obtained here.
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Experimental bounds at 90% C.L. [4] | Constraints on the mixings

RT{' ™

/T .996 + 0.005 N2 — N2 =0.004 £ 0.005
T—e/T—p

R

eI 1,000 + 0.007 N2 — N2 =0.000 £ 0.007
T—e/T—

R

ol 1,003 +0.007 N2 — N2 = 0.003 + 0.007

R’T—>€ H—re

R,

T 001 +0.007 N2 — N2 = 0.001 + 0.007
T/ L—re

Table 2. Summary of the constraints derived from universality tests in weak decays. The ratios
marked as “SM” represent the theoretical predictions of a 3G Standard Model.

same for all families these rates should differ only in known kinematic factors or calculable
higher-order corrections. The relevant ratios are:

R _ D(m—ev) R _ D(r = pv)
e /T = F(?T - /U/) ) Tp/T—e = F(T N 61/17) )

_ I(1 — evp) _ I'(r = wo)
forselime = T(u = o) fornticse = TS evm)

and their theoretical values in a 3G SM can be consulted, for example, in [58]. Comparison
of the experimental values and the 3G predictions yields values very close to 1, as can be
seen in table 2; in our 4G model, family mixing induces deviations from this behaviour
that must be kept under control. Essentially, these deviations result from the fact that
the flavour-eigenstate neutrinos v, v, v, have a small component of the heavy neutrinos
vy, v, which cannot be produced in the decays of pions, taus or muons; the corresponding
mixings Ne, N, N; are then forced to be small. In table 2 we also show the constraints
that this processes impose on the mixing parameters.

In figure 5 we collect all the relevant LF'V constraints from tables 1 and 2. As can be
read from the graphs, the final bounds we can set on the mixings of the light families are

N, < 0.08
N, <0.03 (5.2)
N, <0.3

5.4 Light neutrino masses

Finally, there is a further constraint that can be set upon the mixings of the model: as
explained in section 4, the two-loop mechanism which gives small Majorana masses for
the light neutrinos cannot explain by itself the observed pattern of masses in this simple
model; it, nevertheless, still has the potential to generate too large masses, which would
exclude the model. Of course, one could always invoke cancellations between these two-
loop masses and other contributions (for example, the Weinberg operator), but we think
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Figure 5. These two graphs present the allowed regions for the mixing parameters in our model
at 90% confidence level, according to several LFV tests. The left plot displays the constraints in
the N. — N, plane, which are much more stringent and suffice to bound both N, and N,. The
right plot displays the N. — N, plane; the N, — N; plane offers slighly poorer constraints and is
not displayed.

that this wouldn’t be a natural situation and choose not to consider it. If we bar such
cancellations we need to impose that the two-loop masses don’t go above some limit, and
thus a bound can be set upon the parameters that participate in the two-loop mechanism,
essentially the mixings and the Majorana mass, as seen in equation (4.14). Figure 6 shows
the allowed regions for this constraint; the curves are constructed using the lowest possible
values of the fourth-generation Dirac masses, in order to provide conservative limits (this
implies using a different value of mp for each mg, as we must also impose that my is
above 62.1 GeV). We show two possible limits: ml(,2) < 0.05 eV ensures that the largest
two-loop mass is below the atmospheric mass scale; this, of course, does not guarantee
that it doesn’t distort the neutrino spectrum, which may contain smaller masses, so this
bound can be contemplated as rather conservative (particular models may need to impose
a stronger bound to be phenomenologically viable). An even more conservative constraint
is obtained if we impose m,(,Q) < 0.3 eV, meaning that the largest of the two-loop masses
is not above the bound imposed by cosmology to each mass of the degenerate spectrum,
Yok S 1eV [59, 60]. Two-loop masses as large as 0.3eV will in most cases spoil the
structure of neutrino masses, but there may be pathological cases in which such situation
is allowed (for example, if the Weinberg operator generates a massless neutrino and two
massive ones near the 0.3 eV limit; then the two-loop diagram might provide the third mass
to fit the mass splittings). Even with these conservative assumptions, the two-loop bound
proves to be much stronger than those derived from universality and LFV for most of the
parameter space. It is, therefore, a limit to be kept in mind when considering 4G models

with Majorana neutrinos.
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Figure 6. Summary of the constraints on the mixings of the model, as defined in equation (4.5).
The three horizontal lines present the upper bounds in equation (5.2), derived from universality
tests and limits on LFV processes. The two shaded areas display the allowed region derived from
the fact that the two-loop diagram does not disturb the correct structure for the light neutrino
masses, assumed to arise from any other mechanism. This last bound applies to any of the mixings.

5.5 Neutrinoless double beta decay (0v20)

In our framework, the contributions to the amplitude of neutrinoless double beta decay
(0v2p) can be written as:
A=Ap+ Apa + As, (5.3)

where Ay stands for the light neutrino contribution (i.e., neutrino masses my < pPeg ~
100 MeV), given by
light
A o< > mpUZ M2 (my) ~ me MO(0) (5.4)
k

with M%25(0) o 1/ p%s the nuclear matrix element. The cosmology upper bound on the
sum of neutrino masses, Y, my < 1eV [59, 60], combined with neutrino oscillation data,
leads to an upper limit on each neutrino mass m; < 0.3eV and on the element of the

neutrino mass matrix relevant to 0v2/ decay, mee < 0.3eV.

Aq represents the additional, model dependent contribution due to the unknown
physics which generates the three light neutrino masses parametrized by the Weinberg
operator. We assume that this last term is negligible compared to Ay, as it is the case
if the underlying mechanism for neutrino masses is any of the standard three see-saw

types [61].
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We focus then on the contribution from the fourth-generation neutrinos (v4,v;),
given by

Ay o N2 (m4 cos® OM?% (my) — my sin® MO8 (mg))

o (020 SmPON o mEmE e (5.5)
c\ my my ¢ mamg(maq + my) “m¥’ '

where we have used that M%28(m,) o« 1/m?2 for a = 4,4, tan®’6 = my/mg, mamy =
m?% and mz — my = mg. From egs. (5.4) and (5.5) we see that the fourth-generation
neutrino contribution to the Or25 amplitude can be dominant provided NeQmR/mQD >
Mee/ (100 MeV)?2. Notice, in fact, that the value of me. could be zero if normal hierarchy
is realised and the neutrino phases have the appropriate values; in this extreme case the
only contribution would be that of the fourth generation, which would dominate 0v245.
Now we can exploit the dependence on N2mpg of both A4 and (my)g? in eq. (4.15)

to constrain the fourth-generation neutrino contribution to the 0v23 decay amplitude,®

namely
drm \* 2(m,) ) 50 GeV ) *
Ay < < W> )3 519o(my)§?< > GeV~!, (5.6)
gmp my lnm—g mp

where we have taken into account the LEP limit, mg 2 100 GeV and set In(mpg/mz) ~ 1.
From this equation, it is clear that the largest fourth-generation contributions to the
amplitude Ay correspond to a small Dirac neutrino mass, mp. Imposing that the two-
loop mass matrix element (ml,):%) is below the cosmology upper bound, 0.3eV, we obtain
Ay < 6x1078(50 GeV /mp)* GeV 1, while if we require that the two-loop contribution is at
most the atmospheric mass scale, 0.05 eV, we find A4 < 1078(50 GeV/mp)* GeV~L. On the
other hand, the non-observation of 0243 implies that A4 < 1078 GeV~! [62], while future
sensitivity is expected to improve this limit one order of magnitude. Bringing these two
results together, we see that, once the constraint from light neutrino masses is taken into
account, the contribution of the fourth-generation neutrinos to the 0v23 decay amplitude
can reach observable values only in the small region of parameter space mp < 100 GeV

(see figure 4), even though it is the dominant one for a larger set of allowed masses and
mixings.

5.6 Four generations and the Higgs boson

It is well known that due to the presence of a new generation there is an enhancement of
the Higgs-gluon-gluon vertex, which arises from a triangle diagram with all quarks run-
ning in the loop. This vertex is enhanced approximately by a factor 3 in the presence
of a heavy fourth generation, therefore the Higgs production cross section through gluon
fusion at the LHC is enhanced by a factor of 9. However, Higgs decay channels are also
strongly modified, in particular the Higgs to gluon decays are equally enhanced, while
the v channel is reduced because of a cancellation between the quark and W contribu-
tions. Moreover some of these channels, vy for instance, suffer from important electroweak
radiative corrections [63].

8Note that (ml,)%) receives contributions from N., N, and N, while 0v28 only involves Ne.
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With the first LHC data, ATLAS and CMS ruled out at 95% C.L the range 120 —
600 GeV for a SM4 Higgs boson, assuming very large masses for the fourth-generation
particles [64]. However, different authors have noticed that if fourth-generation neutrinos
are light enough (my /2 < m,, < my ), the decay mode of the Higgs into fourth-generation
neutrinos can be dominant for my < 2myy [65-68]. Moreover, if the lightest fourth-
generation neutrino is long-lived this decay channel is invisible and the excluded range
for the SM4 Higgs boson is reduced to 160 — 500 GeV [67, 68]. In general, if the fourth-
generation neutrinos have both Dirac (mp) and Majorana (mg) masses, the Higgs can
decay to more channels: v4vy, vzv; and vyv;.

Recently, ATLAS and CMS have analysed new data, including more Higgs decay chan-
nels [69, 70], and they have a preliminary low-mass (~ 125 GeV) hint of the Higgs boson
in several channels.? In particular there is an excess in the 7+ channel with respect to
the SM3 prediction. For such a light Higgs, the expected ratio of number of events into
vy for SM4 over SM3 is about 1.5 — 2.5 at leading order [72, 73]. However, a global
fit to all relevant observables (Higgs searches and electroweak precision data), assuming
Dirac neutrinos and a Higgs mass of 125 GeV, shows that data are better described by
the SM3 [74]. On the other hand, as commented above, within the SM4 the cancellations
in the v channel at leading order render next-to-leading order radiative corrections im-
portant. These corrections tend to decrease even further the two-photon production rate
0(g99 — H) x BR(H — ~7)|sma. Therefore, were the 125 GeV Higgs hint confirmed, by
combining the vy, ZZ*, WW* and the ff channels a perturbative SM4 with just one
SM Higgs doublet would be excluded, even in the case m,, < my [75, 76]. Otherwise,
in principle it seems possible that if m,, < my and vy is long-lived, some portion of the
low Higgs mass parameter space, previously allowed to be between 114 — 160 GeV, is still
allowed by the new data. Moreover, if one does not trust the convergence of perturbation
theory in the v+ channel and drops it from the global analysis, including Higgs searches,
Ry and oblique parameters, the SM4 with Dirac neutrinos is strongly constrained but still
viable [77]. Considering neutrino Majorana masses will presumably open up even more the
allowed parameter space of the model.

The previous bounds from LEP on the masses of unstable (in collider sense) fourth-
generation neutrinos were m,,, > 62.1 GeV. Using CDF inclusive like-sign dilepton analysis,
vy masses below myy can be excluded for Higgs masses up to 2myy [67], therefore in this
case the ATLAS and CMS analysis for the Higgs boson still apply, and at least the range
120 — 600 GeV for a SM4 Higgs boson is excluded.

To know definitely whether the SM4 Higgs boson is excluded or not, we will have to
wait for new data and a combined analysis of the different channels, vy, ZZ*, WW* and ff,
including correctly all radiative corrections. However, even if the SM-like four-generation
Higgs is excluded, many possibilities may arise in extensions of a four-generation scenario,
for instance, with an extra Higgs doublet (see [78, 79] where the observed signatures of
LHC are explained in the framework of 4G two-Higgs-doublet models).

9Also Fermilab CDF and DO have presented some preliminary results pointing to some excess around
this mass which can be assigned mainly to H — bb decays in HW and HZ associated production [71].
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6 Conclusions

We have addressed the question of the generation and nature of neutrino masses in the
context of the SM with four families of quarks and leptons.

The three light neutrinos can obtain their masses from a variety of mechanisms with
or without new neutral fermions, but the huge hierarchy among such masses and those
of the remaining fermions is more naturally explained assuming that they have Majorana
nature.

On the other hand, current bounds on fourth-generation neutrino masses imply that,
although in principle the same mechanisms are also available, most of them are not natural
or provide too small fourth-generation neutrino masses; therefore, we have argued that at
least one right-handed neutrino is needed. This would suggest that, contrary to the light
neutrinos, fourth-generation ones are naturally Dirac.

However, we have shown that if lepton number is not conserved in the light neutrino
sector, the right-handed neutrino must have a Majorana mass term whose size depends on
the underlying mechanism for LNV, unless Yukawa couplings of the light leptons to the
right-handed neutrino are forbidden. We have estimated the natural size of such Majorana
mass term within two frameworks for the light neutrino masses, namely see-saw type I
and type II. We have seen that, even if we set it to zero by hand in the Lagrangian at
tree level, it is generated at two-loops , and although it depends on the Yukawa couplings
and the LNV scale responsible for light neutrino masses, it can be up to the TeV scale.
We have developed a model where this Majorana mass is forbidden at tree level by a
global symmetry, and it is generated radiatively and finite once this symmetry is broken
spontaneously (see appendix A).

We have then considered a minimal four-generation scenario, with neutrino Majorana
masses parametrized by the Weinberg operator and one right-handed neutrino vg, which
has Yukawa couplings to the four lepton doublets and non-zero Majorana mass. We have
analyzed the phenomenological constraints on the parameter space of such a model, de-
rived from direct searches for four-generation leptons, universality tests, charged lepton
flavour-violating processes and neutrinoless double beta decay. We have pointed out that
the Majorana mass for the fourth-generation neutrino induces relatively large two-loop
contributions to the light neutrino masses, which can easily exceed the atmospheric scale
and the cosmological bounds. Indeed, this sets the strongest limits on the masses and
mixings of fourth-generation neutrinos, collected in figure 6.

To summarize, in the context of a SM with four generations, we have shown that if light
neutrinos are Majorana particles, it is natural that also the fourth-generation neutrino has
the Majorana character. We did so by calculating the fourth-neutrino Majorana masses
induced by the three light neutrino ones. This has important implications for the neutrino
and Higgs sectors of these models, which are being actively tested at the LHC.
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A A model for calculable right-handed neutrino masses

In this appendix we present a model which gives a realistic pattern of neutrino masses in
the context of the SM with four-generations and in which the right-handed neutrino mass
of the fourth generation is generated radiatively and finite. This is an illustration of the
general (model-independent) mechanism discussed in section 3 which allowed us to estimate
the size of Majorana neutrino masses for the fourth-generation right-handed neutrinos if
the three light active neutrinos are Majorana particles.

Let us consider the SM with four generations and four right-handed neutrinos vg;
(¢t = 1,---,4). To implement the ordinary see-saw, we need three of them very heavy
while one of them should be much lighter in order to avoid a too light fourth-generation
active neutrino. Then, it is natural to require that one of the fourth right-handed neutrino
is massless at tree level and let its mass be generated by radiative corrections. For that
purpose we add three extra chiral singlets s, (¢ = 1,---,3). In order to break lepton
number we will also include a complex scalar singlet o

We assign lepton number in the following way
Ej — eio‘ﬁj ,  ERj — €ia€Rj y  VRj — €iaVRj , O — eiaU ; (Al)

the sp, do not carry lepton number. With these assignments and the requirement that
lepton number is conserved we have the following Yukawa Lagrangian

_ _ ~ 1 —
Ly = —LY.er¢d — LY, vrd — o TR Y" 51, — B s M*sy, + H.c. , (A.2)

where Y, and Y, are the ordinary four-generation Yukawa couplings, ;,, along this ap-
pendix, is a general 4 x 3 matrix while M is a symmetric 3 x 3 matrix, which without loss
of generality can be taken diagonal and positive. We choose the scalar potential in such a
way that lepton number is conserved and subsequently spontaneously broken by the VEV
of o, v = (o). Thus, the model will contain a singlet Majoron. Alternatively, we could
also choose to softly break lepton number in the potential to avoid the Majoron without
changing the point we would like to illustrate. Before spontaneous symmetry breaking
only sr, are massive. We will take M very large (around GUT scale). After o gets a VEV
(which is somewhat free, but we can take it just a bit below M), we will have a mass
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Figure 7. The process which generates masses for the right-handed neutrinos at two loops.

matrix for the combined system vg — s, of see-saw type. Therefore, if yv, < M the four
right-handed neutrinos will get a 4 x 4 Majorana mass matrix

Ml(,f)) ~ o2 yM 1yt (A.3)

this is basically the see-saw formula but applied to the right-handed neutrinos and changing
the VEV of the Higgs doublet for that of the singlet ¢. This matrix has rank 3 and,
therefore, only three of the right-handed neutrinos will obtain a tree-level mass. The other
neutrino will remain massless at tree level. However, at two loops, due to the mechanism
described in section 3, also the fourth right-handed neutrino will acquire a Majorana mass.
We depict the diagram giving rise to this mass in figure 7; the diagram is obviously finite
by power counting and the generated mass matrix can be estimated as

2 M
M~ Yo yiy ) TyM YTy Y, In [ Ad
R (471')4 ( v ) Y Yy v n YUy ( )

Since Y, does not enter in these calculations we can choose a basis in which Y, is
arbitrary but Y, is diagonal and real. If we take the logarithm order 1, In <y%) ~ 1, we

see that MI(QLQ) is also projective but in a different direction, given by 13/ = (Y,,Jr Y,)Ty; then
we can write the full right-handed neutrino mass matrix as

Mn ~ 2 M*l T IMfl /T A5
R vg<y y+(4ﬁ)4y vy, (A.5)
which, in general, has rank 4 and gives a Majorana mass to the fourth right-handed neu-
trino. To see how it works, let us discuss a simplified example, with the following structure
for the s;, Yukawas:
y1 00
0 y2 O
= ) A6
Y 00 s (A.6)
0 0 ya

— 24 —



Let us also choose M diagonal and with elements M;; then, at tree level we obtain an
almost diagonal mass matrix,

Y0 0 0
2
02 0 0
MO _ 2 My (A.7)
R i 0 0 Y yswa
Ms M
y
0 0 55
which has a zero eigenvalue. At two loops we will have
Y0 0 0
@ 2 | 0% 0 o
_ [ Mo
M= | 0 0 % oy | (A5)
O, Mg
Ysyy Y
0 0 B g

with y, = yi(Yy)iQ, and (Y,); the diagonal elements of Y. Mg) has also rank 3. However,
the sum of MP({O) and Mlg) has rank 4, and the fourth vy acquires a mass. We can estimate

it by considering M}({z) a small perturbation to MF({O) and find that

vy Z/f y§ 2
o Y,)?2 — (Y,)32)", A9
(47T)4M3 y32) i yz (( )4 ( )3) ( )

MmRr4 ~

while the mass of the third right-handed neutrino is of order (the other two are also order
y?>v2 /M as can be seen from the mass matrix)

2
2, 2\ Y
mg3 ~ (Y3 + i) ﬁg : (A.10)
3
Therefore, if we rewrite the fourth-generation right-handed neutrino mass mg4 in terms of
mpgsz we have

2,2
MR3 Y1 Y3 2 _ 2)2
" G (4 g (P OV .

which is roughly the structure that one would expect from the effective theory obtained

by integrating the new fermions sr,, i.e, mgrq obtains a contribution proportional to the
heavy right-handed Majorana masses mgs suppressed by a two-loop factor and Yukawa
couplings. After all, the diagram in figure 7 reduces to the diagram in figure 1 when the
fermion lines of sy, are contracted to a point. The result also shows that, as expected,
the exact coefficient depends on the details of the model. These expressions could be
generalized to a more general structure of Yukawa couplings, leading to similar, although
more complicated expressions.

As for other features of this model, we will just mention that as lepton number is broken
spontaneously, a Majoron will appear. Since the Majoron is a singlet and v, is large their
couplings to standard model particles are suppressed and, therefore, this Majoron should
not create any problem. On the other hand, it could have some advantages in cosmological
contexts; if lepton number is also broken softly (for instance with a mass term o2) the
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Majoron will become a massive pseudo-Majoron, which could constitute a good dark matter

candidate.

In any case, this simple example illustrates how the general mechanism discussed in

section 3 works in a complete renormalizable model; if mpy is zero at tree level and light

neutrinos are Majorana (therefore lepton number is not conserved), in general mpry will be

generated at two-loops with the behaviour discussed in section 3.
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