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Invisible axion and neutrino masses
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We show that in any invisible axion model due to the effects of effective nonrenormalizable interactions
related to an energy scale near the Peccei-Quinn, grand unification or even the Planck scale, active
neutrinos necessarily acquire masses in the sub-eV range. Moreover, if sterile neutrinos are also included
and if appropriate cyclic Zy symmetries are imposed, it is possible that some of these neutrinos are heavy

while others are light.

DOI: 10.1103/PhysRevD.73.017701

A natural and elegant way to explain the small value of
the active neutrino’s masses is the so-called seesaw mecha-
nism which is implemented when heavy right-handed ster-
ile neutrinos, i. e., transforming as singlet under the
standard model SU(2); ® U(1)y gauge symmetry, are
added [1]. Moreover, depending on future neutrino oscil-
lation data, light sterile neutrinos [2] may be a necessary
ingredient of the physics beyond the standard model. From
neutrino oscillation experiments we already know that
active neutrinos have a nonvanishing mass in the sub-eV
region [3,4] but, since the Z° invisible width implies the
existence of only three light active neutrinos, any addi-
tional light neutrino has to be sterile and there are several
possibilities that keep consistency with LEP data [5,6]. The
problem is how to implement, in a natural way, light sterile
neutrinos. Since they are not protected by the standard
model symmetries, they may acquire Majorana masses of
the order of the next (if any) energy scale. A solution is the
addition of sterile Higgs scalars and a new exact global
symmetry [7,8]. The important point is that such a sym-
metry forbids the Dirac mass term avoiding in this way the
seesaw mechanism and the sterile scalar singlet having a
vacuum expectation value chosen just to generate light
sterile neutrinos. Light sterile neutrinos may also appear
in supersymmetric models [9].

On the other hand, the introduction of a global chiral
(Peccei-Quinn) symmetry is an elegant solution to the
strong CP problem [10] implying in the existence of a
pseudo Goldstone boson, the axion [11], which besides
solving the strong CP problem it is certainly a leading
candidate for dark matter. Searches for the axion have been
done over the years. Recently, an upper limit was obtained
for  the axion-photon  coupling  g,,, <1.16 X
10719 GeV~! if m, = 0.02 eV [12,13]. In fact, the ex-
pected mass for the axion, coming from several experi-
mental or observational constraints, is in the interval
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1076 < m, < 1072 eV, and we see that this interval is
near to the neutrino masses required to explain solar and
atmospheric neutrino data [3]. This fact suggests the ex-
istence of a common new energy scale being responsible
for such small masses, which in this case would be that one
related to the invisible axion.

Although the existence of a relation between the axion
and the seesaw mechanism for generating neutrino masses
has already been considered, in particular models [14],
here we will put forward that it is inevitable that neutrinos
get masses in any invisible axion model. Moreover, if the
model has also right-handed neutrinos, some of them may
be light but the other ones may be heavy. In fact, we expect
that if all sterile neutrinos have the same physical origin i.
e., they are related to the same energy scale, it would be
natural that all of them are either light or heavy. However,
if some of them are light and the others heavy this may be
seen as an evidence of energy scales different from the
electroweak and Planck scales. The existence of these
energy scales can be masqueraded by imposing discrete
symmetries (Zy’s) under which each neutrino can trans-
form in a different way from each other.

The standard model (SM) and many of its extensions can
be seen as effective theories below an energy scale A. The
minimal model has doublets of left-handed quarks and
leptons, the respective right-handed singlets for the
charged fermions, and one doublet of Higgs scalars, de-
noted by Q;, ¥;, ug, dg, lg, and H, respectively. Since
axion models need more than one Higgs doublet, we will
consider a model that has at least two Higgs doublets. Next,
we introduce m = 1 right-handed neutrinos, n,g, trans-
forming as singlet under the SM gauge symmetries. An
invisible axion model is one in which there is an approxi-
mate global symmetry protecting the CP invariance of the
QCD and which is broken, besides by nonperturbative
effects, by the vacuum expectation value of a scalar singlet
¢ added to the particle content with its imaginary part
being almost the axion field [15]. Let us suppose also that
the invisible axion is protected against gravitational effects
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by a local, in the sense of Ref. [16], Zy’s cyclic symmetries
[17,18]. In general, these symmetries can be anomalous but
we will not address this issue here. On the other hand, since
the total lepton number is an accidental symmetry of the
minimal SM without right-handed neutrinos, there are no
reasons for this number to be conserved in extensions of
the latter model, so we will assume also that the total lepton
number can be violated explicitly in some nonrenormaliz-
able interactions.

In the situation described above, if the Dirac mass term
i, Hny, is forbidden by the a Z, symmetry, there is always
an effective operator,

fl,lS -
Ly = ml/’iaLfika”skd’N”’ + Hec, (D
with Ny = 1 and a is the generation index, while i, k refer

to SU(2) indices; the number of right-handed neutrinos is
s=1,---,m and we have omitted summation symbols.
This term generates a Dirac mass when both H; and ¢ geta
nonzero vacuum expectation value, (¢) = Apq, (Hy) is of

the order of the electroweak scale (v/2(H)* ~ 246 GeV).
Notice that this Dirac mass from Eq. (1) is proportional to

M= (A"Q) (H), )

so it may be small, in the sub-eV region even if f ~ O(1), if
A > Apy and depending also on the Zy symmetry.
However, the dimensionless matrix elements denoted by
f, f' etc., may include loop suppression factors.

In general, we may have also the d = 5 interaction [19],
proportional to (1/A)(,.) ¢, HH, that induces a
Majorana mass for the left-handed neutrino. However, if
this interaction is forbidden by Z’s there are effective
interactions like,

/ 4
L, = ﬁ(%i)ifik%ﬂ%ll{kl‘lz(ﬁ% +He, @)

where i, k, p, [ are SU(2) indices that are allowed with an
appropriate Ny, = 1. When ¢ (may be ¢*) and H gain a
nonzero vacuum expectation value they induce a Majorana
mass to the left-handed neutrinos

o S R

which is in the sub-eV range, for a given value of Apg,
depending on the value of A and N :15 and without any fine-
tuning in the dimensionless f’ parameters.

Next, we note that the tree level mass term proportional
to (np)n;pp with s,7=1,---,m induces a large
Majorana mass for the right-handed neutrinos, if it is
allowed at the tree level [14]. However, if this mass term
is also forbidden by the Zy symmetries, the effective
interactions with lower dimension are

PHYSICAL REVIEW D 73, 017701 (2006)

//
N +1
_-E N” (n\R)C tR¢

fi
A2N

and will always be possible for Njj, Ny =

+ o (nge)° ‘np(H Hy)V" + He,  (5)

1 (here also ¢
may be ¢*). The first term in Eq. (5) induces a large
Majorana mass if A = Apg; however, this is not neces-
sarily the case if A > Apg and an appropriate Zy is intro-
duced (see below). The second term in Eq. (5) arises
because axion models need at least two electroweak dou-
blets, say H; and H,, and it also implies small Majorana
masses for the sterile neutrinos, for instance when Ny = 1
and A = Apq.

As an illustration, we consider the first term in Eq. (5)
which generates the mass term

A A N//
:fll[lolzfge\/(%) q’}”’” V. ©

As we said before, in Egs. (1), (3), and (5), A is related to
the new physics implying the nonrenormalizable interac-
tions. It may be related to the PQ, grand unification theory
(GUT), or even the Planck scale [9,20]. We see from
Eqg. (6) that when A = Apq (or Ng = 0), the right-handed
neutrinos are necessarily heavy. We obtain My =
F1(107*V6) 102! eV if the A is the GUT scale, i. e., A =
1016 GeV, or My = £"(10""¢)10?! eV if A is the Planck
scale, with Apy = 10'? GeV in both cases. We see that
there exists a N g which always produce neutrino masses of
the order of eV. For instance, if we assume that f ~ O(1),
we have that Nj =5 (GUT scale) or Njj =3 (Planck
scale) given in fact My in the eV range. These values
for N g imply an appropriate Z symmetry. The important
point is that because of this symmetry some sterile neu-
trinos are light but others are heavy, depending how they
transform under Zy.
The general mass matrix for the neutrinos is
[ ML MD
M < ML M, > 7
If there is a hierarchy like M; < Mp << My the eigen-
values of such a matrix are of the form My and —(M, +
M3,/ Mp). If the Dirac mass is not suppressed with re-
spect to the left- and right-handed Majorana mass terms, i.
e., if N, < N:b, Ng, we have that neutrinos are pseudo-
Dirac particles M;, My < Mp [21]. Notice that, as we
said before, since there are several sterile neutrinos, they
may not have all the same Z, charge, thus some may have
the interaction in Eq. (5) with Nj; = 1 and are heavy, but
others get the same interactions w1th N, ;; > 1 and are light.

The exact value depends on the value of the scale A.
Hence, some entries of the matrix M may be large while
others may be small, implementing in this way the seesaw
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mechanism for the active neutrinos and at the same time
allowing light sterile neutrinos.

Let us considered an example of the present mechanism
for generating both light and heavy sterile neutrinos in the
context of an invisible axion model which is a version of
the model of Ref. [22]. The representation content is, in the
fermion sector, with three generations, lepton doublets ¢,
quark doublets Q, and the respective right-handed singlets
Ug, dg, lg, and v. In the scalar sector, there are four scalar
doublets H,, H;, H;, H, and a scalar non-Hermitian triplet
T. We avoid the scalar singlet 2" and introduce a fourth
right-handed neutrino, n4z. The cyclic symmetry is Z ;3
(wy = e2™k/13: k=0, - - - 6), but now fields transform as
Y= wsth, g = wylp, Q— w50, ugp — wsug, dp—
wsldg, and vg = wv,g (a=e u, 1), H,— »;'H,,
Hd - a)ngd, Hl - 0)2Hl, and HV - a)ng,,, T—
0 'T, ¢ — o'}, nypg = 0} 'nyg, while the gauge fields
transform trivially. Notice that in this case it is not neces-
sary to introduce a Z; cyclic symmetry as was done in
Ref. [22]. With these fields we have several effective
interactions; the dominant are the following:

!
—Ly = %%L vprH, ¢ + fb(lpai)zeik(lﬁbP)Lepl(Hy)k
Jov e o Jlur——c s
X (H,); + = (ver) vprp” + =5 (nup)nup

A A*
1 has S+H 8
F”4RVaR¢ .C., (€))
where H, = eH’;. These interactions imply
A (H,?
Mo~ Far )R,y ~ f1,
A3 A3 A3
mp ~ a/b%, m44~ff(4ﬁ, m4R~ha4ﬁ-
©))

The values for these entries of the neutrino mass matrix
depend on the actual value of (H,), Apg, and A. Let us
suppose, just for illustration, that (H,) = 100 GeV, Apg =
102 GeV, and A = 10" GeV. In this case we have m, ~
10%f,, eV, mp ~107°f", eV, mg ~ f",10° GeV, myy ~
1077 fY, eV, and my, ~ 107" hy, eV. We see that the gen-
eral matrix as in Eq. (7), in this particular case, allows a
light sterile neutrino which is most ng while v, are heavy
ones. If Apg = 10° GeV and A = Agyr = 10'® GeV we
have  mp ~ 10%f,, eV, mp ~1073f, eV, mp~
100 zlzlb GCV, Mmyy ~ 10710f44 GV, and mygp ~
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107 '°h,, eV. The scalar Higgs sector in this model is the
same (up to the singlet 2") as that of Ref. [22], and there it
was shown that the scalar potential with this particle con-
tent is consistent with the discrete Z;; symmetry.

The above mechanism is also implemented in models in
which the main part of the axion field is in a nontrivial
representation—for instance the SU(5) invisible axion
model [23] in which the axion is primarily the antisym-
metric part of the singlet component of a complex 24, .. If
right-handed neutrino singlets are introduced the effective
interaction

O o n g3 (10)

implies heavy right-handed sterile neutrinos. Since ()
breaks down also SU(5) — SU(3)® SU(2) ® U(1), the
unification scale is of the order of the PQ scale. It is
interesting that in the axion model considered above
[22], the PQ symmetry is automatic, the axion is protected
from gravitational effects, and unification occurs near the
PQ scale having still a stable proton [24]. This is just an
illustration of how the issues of grand unification, the
axion, and the generation of neutrino masses can be related
to each other. It is interesting to note that if there does not
exist any energy scale between the electroweak and the
Planck scale, with only active neutrinos, it would be diffi-
cult to generate neutrino masses of the order of eV since in
this case the only possible effective operator is
(1/Apranei) (o) Wy, HH and the suppression factor is
too large.

Finally, a remark is in order. Since we are considering
generic invisible axion models, the couplings of the axion
with all fermions, but the heavy sterile neutrinos are
strongly suppressed. This means that there is no potential
conflict of these mechanisms for generating neutrino
masses neither with big-bang nucleosynthesis nor with
the cosmic microwave background [8,25]. However these
issues deserve a more careful analysis because such con-
straints are highly model dependent.

Summarizing, we have shown that an invisible axion
implies light massive active neutrinos. Furthermore, if the
model also has several right-handed sterile neutrinos, some
of them get large and others small Majorana masses,
depending on how they transform under discrete Zy sym-
metries. The seesaw mechanism is implemented by the
heavy neutrinos and, since there may be light sterile neu-
trinos, some neutrinos may be pseudo-Dirac particles.
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