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The MiniBooNE collaboration recently released a report claiming have observed an excess of electron
and anti-electron neutrino with significance of 4.8 C.L. corroborating, in this way, the long-standing
LSND anomaly. Combined LSND and MiniBooNE analysis reach a significance of 6.00 C.L. Such a result,
if confirmed by future experiments, will cause considerable impact on particle physics since that such
anomalies, when interpreted in terms of neutrino oscillation, require the existence of at least one
light sterile neutrino. It happens that, on according to standard scenarios, such light sterile neutrino
is incompatible with current cosmological data. In this way, understand these anomalies requires an
extension of the standard model capable of generating tiny masses for both active and sterile neutrinos
and re-conciliates such a result with cosmology. An interesting proposal in this direction involves the
existence of a secret sector interacting exclusively with sterile neutrinos. In this work we implement the
canonical seesaw mechanism into the standard model in such a way that generates tiny masses to the
active and sterile neutrinos and embody a secret sector capable of re-conciliating eV sterile neutrinos
with cosmology. As other gains, the scalar content required by the implementation of the mechanism
provides contribution to rare lepton decays, may accommodate the g — 2 of the muon and poses a
scalar singlet that may drive inflation through Higgs inflation mechanism without problem with loss
of unitarity.
© 2019 Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction On the other hand, if we insist in the explanation of the SBL
anomalies in terms of neutrino oscillation, we have to re-conciliate
light right-handed neutrinos with cosmology. It has being recently
proposed that such re-conciliation requires the existence of a se-
cret sector involving very light degree of freedom in the form
of vector boson or pseudo-scalar interacting exclusively with the
sterile neutrinos [11,12]. The case of pseudo-scalar is particularly
interesting because, as discussed here, such degree of freedom may
be the remnant of an accidental global symmetry that is explicitly
violated at very low energy scale.

Recapitulating. On one hand, the canonical seesaw mechanism,
as we understand it, requires that right-handed neutrinos be heavy
particles and that lepton number be violated at very high energy
scale. On the other hand, the state of the art in neutrino physics

The physics of neutrinos keep being the most active and fas-
cinating branch of particle physics. This is so because we are far
from a final understanding of the origin of neutrino masses and
mixing. For example, neutrino anomalies are hinting by the exis-
tence of at least one sterile neutrino (or right-handed neutrino)
with mass at eV scale and largely mixed with the standard neu-
trinos [1-4]. It happens that, according to standard scenarios, eV
sterile neutrinos are strongly disfavored by current cosmological
data [5-7]. In view of this, we think that, if future short-baseline
experiments confirm the existence of eV sterile neutrinos [8,9], we,
then, have to find a new road to understand the origin of neutrino

mass and mixing. This is so because heavy right-handed neutrinos
provide the best way for understanding the origin of the smallness
of the standard neutrino masses by means of the canonical type
I seesaw mechanism [10]. So if right-handed neutrinos are con-
firmed to be light, we are forced to re-interpret the canonical type
I seesaw mechanism.
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(taking into account neutrino anomalies) may be pointing to the
contrary: light right-handed neutrinos with lepton number being
explicitly violated at very low energy scale.

In this work we propose an extension of the standard model
which embody the canonical type I seesaw mechanism in such a
way that lead to light active and sterile neutrinos and contains a
pseudo-scalar carrying the features necessary to re-conciliate SBL
anomalies with cosmology. Our model is constrained by rare lepton
decay and gives contribution to the g — 2 of the muon. As gain,
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by triggering non-minimal coupling of the scalars with gravity, the
model may perform Higgs inflation without face problem with loss
of unitarity.

2. The model
2.1. eV sterile neutrino and cosmology

Since the early 2000s neutrino anomalies have been claiming
by the existence of eV sterile neutrinos [1]. Recently MiniBooNE
collaboration released a report corroborating the previous LSND re-
sults [4] which revived the interest in light sterile neutrinos. These
experiments claim have detected an excess of V. and v, events
coming from 7+ decay that when interpreted in terms of neutrino
oscillation requires the existence of a fourth neutrino with mass
around eV scale largely mixed with the standard ones. In spite of
Gallium and Reactor experiments confirm LSND and MiniBooNE re-
sults [2,3], the existence of light sterile neutrinos is not definitive,
yet. This is so because there are alternative explanations for these
results [14] and MINOS+ and ICECUBE experiments shed doubt on
the neutrino oscillation interpretation of the LSND and MiniBooNE
results [15,16]. However, we think that the indications in favor of
eV sterile neutrino is strong enough for we start wondering about
what kind of new physics may support such results. For review of
this subject, see Ref. [13].

On the other hand, light sterile neutrino is strongly disfavored
by current cosmological data involving big bang nucleosynthesis
(BBN), cosmic microwave background (CBM) anisotropies and large
scale structure (LSS) [5-7]. This is so because, in face of the large
mixing, neutrino oscillation may conduct sterile neutrino to ther-
mal equilibrium with the active neutrino even before neutrinos
decouple from the primordial plasma. This causes considerable im-
pact on structure formation, CMB and BBN. A possible solution for
this tension is to suppress the production of these neutrinos in the
early universe avoiding, in this way, that they thermalize with the
active ones at high temperature [12].

A recent proposal going in this direction makes use of what has
being called secret interactions. [11,12]. By secret interaction we
mean that there must be a particle, vector boson or pseudo-scalar,
that interacts exclusively with the sterile neutrinos. The main fea-
ture of such particle is that it has to be lighter than the lightest
sterile neutrino. In our case the secret particle will be a pseudo-
scalar and the secret interaction take the form [11]

~ g¢V§ y5vsl. (1)

It has been claimed in [11] that if m; << my, with gs tak-
ing values in the range 10~% — 10~ we, then, have re-conciliation
of cosmology with SBL anomalies. This new interaction suppresses
dynamically active-sterile neutrino mixing only at very high tem-
perature. This is so because the existence of I creates a medium
in which the sterile neutrinos propagate in it in the early universe.
Then these neutrinos will experience a potential that will suppress
the mixing among sterile and active neutrinos. For more detail of
the mechanism, see original references [11,12]. As far as we know,
such hypothesis have not been implemented in the framework of a
realistic model that accommodate all ingredients necessary to re-
alize the idea.

In what follow we propose that the canonical type I seesaw
mechanism be performed at very low energy scale with the lepton
number being explicitly violated in the potential of the model at
sub-eV energy scale. We show that in this case the mechanism
will generate tiny masses for both active and sterile neutrinos and
recover the desired secret interaction capable of re-conciliating eV
sterile neutrinos with cosmological data.

2.2. The mechanism

Canonical seesaw mechanisms are associated to new degrees
of freedom belonging to very high energy scale. In the particular
case of type I seesaw mechanism, the new degrees of freedom are
right-handed neutrinos in the singlet form (sterile neutrinos). On
opposite side, neutrino anomalies are hinting that these neutrinos
are light particles. In order to complicate even more the situation,
reconciliation of these anomalies with cosmology may be indicat-
ing that lepton number is explicitly violated at very low energy
scale. This is so because the mechanism capable of re-conciliating
SBL anomalies with cosmology requires the existence of a very
light pseudo-scalar that may be a remnant of the explicit violation
of the lepton number at very low energy scale. What is missing in
this discussion is a realistic model that perform such idea, namely,
a model that generate tiny masses for both active and sterile neu-
trinos and that re-conciliate light sterile neutrinos with cosmology.
In what follow we propose a model, based in a simple extension
of the SM, that do the job successfully.

For this we modify the standard model by allowing that its lep-
tonic sector involves right-handed neutrinos in singlet form,

v
LiL:<e:)L . €ips Vigs (2)

wherei=e, u, 7.

For we have a successful mechanism and a safe model, the
scalar sector of the model must accommodate two Higgs doublet,
Hq and Hj, and two Higgs singlet, ¢ and o,

Hf Hy
Hi=( o |- Ha=| 5] ¢.and o 3)
HY HY

Moreover, in order to avoid active neutrinos receive masses
from the standard Higgs mechanism, we impose that the interac-
tions of the model be symmetric by the following set of discrete
symmetry: Z3 X Zp with the fields transforming in the following
way:

(Li, lig, Vig, ®) — wi(Li, lig, vig, @) (4)

by Z3 symmetry, and transforming in the following way

(H2,0,vip) > —(H2,0, Vi) (5)
by Z, symmetry, where wj, = 275,

With this set of symmetry the Yukawa interactions among
scalars and leptons involve the following terms

_ . 1
£Y > Y,LHlg + YpLHovg + 5y5ung¢ +H.c. (6)

Observe that Hi play the role of the standard Higgs doublet since
it generates mass terms for all charged fermions, H, generate Dirac
mass terms exclusively for the neutrinos while the singlet ¢ gen-
erate Majorana mass terms for the right-handed neutrinos. The
second singlet, o, is necessary in order to avoid H» gains tiny mass
as showed in Ref. [21].

When H; and ¢ develop vacuum expectation value (VEV) dif-

ferent from zero, (Hy) = % and (¢) = %, the last two Yukawa

interactions above provide mass terms exclusively for the neutri-
nos

- 1 _
£:;1ass:MDVLVR+§MRV;gUR+H.C., 7)
where Mp = %YD vz and Mg = %Ys V4. We can rearrange things

and, considering as basis v = (v, v,g)T, we can write
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1
Linass = E‘_)CMM+DV+H-C-, (8)
where
0 M)
MD+M — . (9)
Mp Mg

This is the canonical mass matrix of the seesaw mechanism. When
Mg >> Mp we have that block diagonalization of MP*M Jeads to
the diagonal block matrix

Miignt 0
Mpiac = , (10)
0 Mheavy

with Mijjgne =~ ~MIMZ'Mp and Mpeqyy = Mg. In terms of the
VEVs we have

Min ~ — ——yTy=ly V3 M ~ Ly (11)

light — ﬁ DTs DV¢’ heavy—ﬁ SVe

The condition vy >> vy is inherent of the seesaw mechanism.
However the scale of vy and v, are free to take any value since
obey v4 >> v. In the canonical case, v, belongs to the weak scale
and vy to GUT one. But it is possible to have seesaw mechanism
with v, and vy belonging to other scales. It is this possibility that
we will explore here. For example. If we take v, = 10% eV and

2
vy =10° eV, we then have -2 = 0.1 eV which fall in the sub-eV

v,
scale as required by solar and atmospheric neutrino oscillations.

In the canonical case the reason behind the choice of the val-
ues of vy and vy is purely theoretical, namely, connects weak scale
with grand unified theories. In our case, as developed below, the
reason for taking v, = 102 eV and Vy = 10° eV is purely phe-
nomenological, namely, generates sterile neutrinos at eV scale and
re-conciliate SBL anomalies with cosmology.

In what follow we assume that v, belongs to the eV scale and
vy to the keV one. Moreover, for sake of simplicity, we assume
Mpeqvy diagonal and Yp symmetric. In this case the 6 x 6 mixing
matrix that diagonalize MP+M | and leads to the physical neutrinos,
is given by

Upmns (1\/1,€11\/1D)T
U~ . (12)
~Mz'Mp 1

As we said above, our main hypothesis here is that the canon-
ical seesaw mechanism works for Mp and Mg belonging to low
energy scale. However, the condition to re-conciliate eV sterile
neutrino with cosmology is decisive to infer the relative values
among Mp and Mg. Unfortunately we do not pose constraint nec-
essary to fix all the parameters that compose Mp and Mg. Thus,
we have to resort to illustrative points. If we find at least one set
of points that concretizes the hypothesis, we say it works. As il-
lustrative benchmark points, which leads to light active and sterile
neutrinos and conciliate SBL anomalies with cosmology, we choose

vy =10eV, v4=10"eV,

Yp, =18 x107%, Yp,, =—1.3, Yp,; =3.6 x 107",

Yp,=—-11x10"% Yp,=-38x10"2 Yp,
=-76x1071,

Ys; =2x107°, Y5, =1072, Y5, =107" (13)

This set of benchmark points, when substituted in MM*P given
above, and after its diagonalization, provides

my, ~2 x 1074V, m,, ~8,6 x 1073eV, m,, ~5 x 10 2eV,
my, >~ 1.4eV, my,; ~0.7keV, m, >~ 7keV (14)

Observe that the masses of the first three neutrinos accommodate
solar and atmospheric neutrino oscillation experiments, while the
mass of the fourth neutrino fall in the range of value required by
SBL anomalies. Perceive that vs and vg are much heavier than vg.
This choice recovers the 3+1 scenario.

The neutrino mixing matrix U that diagonalize MP*M is given
by

0.83 0.54 —0.12 0.04 ~10=° ~1076
—0.25 0.59 0.72 -0.03 —6x1073 ~107°
y=| 04 06 069 -009 ~107% ~107°
—| —0.04 003 0.09 1 0 0
~107% ~107% ~107* 0 1 ~0
~107% ~107° —~107* 0 0 1
(15)

See that the first 3 x 3 block recovers the PMNS mixing matrix.
Moreover, this mixing matrix says that the sterile neutrinos vs and
vg decouple from the rest of the neutrinos recovering the 3 + 1
scenario.

In the 3+1 case what matter is m,, and the angles Uez4 and
U,Zm- Our benchmark points provides v4 with mass around eV
scale largely mixed with the standard neutrinos where U§4, U;2L4 ~

10~2 — 1073, Thus, the canonical seesaw mechanism working at
low energy scale is efficient in generating tiny active and ster-
ile neutrino masses accommodating, in this way, the current SBL
anomalies. Next step is to check if such scenario is safe in regard-
ing cosmological constraints. This will be done in the next section.

2.3. Re-conciliation with cosmology

As developed in the previous section, light neutrinos (active and
sterile) may be achieved by means of the type I seesaw mechanism
working in low energy scale. Here we argue that our model allows
conciliation of eV sterile neutrinos with cosmology. For this we
show that the model has a secret sector that interacts exclusively
with the sterile neutrinos and that such sector is composed by a
pseudo-scalar with mass at sub-eV scale. This light pseudo-scalar
will be the remnant of the explicitly breaking of the lepton num-
ber that we assume to occur at very low energy scale. This energy
scale will be dictate by the condition of re-conciliation of cosmol-
ogy with eV sterile neutrino. For check this, we have to develop
the potential of the model.

With the two doublets, H; and H; and the two singlet ¢ and o,
the terms of the potential that obey the set of discrete symmetry
Z3 x Zy are these ones

V(Hy, Hy, ¢,0) = 3H Hy + pndH Hy + 12¢%¢ + oo
M A2 A3 Aa
+7(HIH1>2 + +?(H;H2)2 +5 @)+ 5 (070)
A7
—asHIHyHIHy — 26HTHyHIHY — +7((HIHZ)2 + (HIH?)

—AgHIH1¢*¢ — AoHIH10%0 — A1oH) Ha*p —

+aa1HyHa0 %0 + A120 0 ¢ — %(HIHza +HjH10™)
M

- —=(¢’ +¢"). (16)
V2

Observe that this potential has two trilinear terms which are asso-
ciated to the energy scale parameters f and M. As the singlet ¢
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carries two units of lepton number, consequently the last term in
the potential violates lepton number explicitly at energy scale M.
First step here is expand the fields around their VEVs

1 .
HY, HY, ¢,0 — _2(V1,2,¢,a +R124,0+il12,4,0)s (17)

V2

and then obtain the minimum conditions that guarantee the po-
tential above develop minimum,

1 fvav
M3 = 5 (MVE + Aserv) + Asvg +hovg) — 0 =0,
1 fviv
W3 = 5(=h2V3 +dservi 4 Aiovg +hive) = == =0,
2 2V2
5 3 1 2 2 2
us — 5MV¢ - 5(—)*3\’41) + v +210vy) =0,
1 fvavy
Mo = 5 (=haVa 0]+ Aov)) — T2 =0, (18)
o

With this in hand, our next step is to obtain the mass matrices
associated to the scalars of the model. Firstly, let us obtain the
mass matrix of the pseudo-scalars.

Taking as basis (I1, Iz, Iy, Is), the potential above provides
the following mass matrix for the pseudo-scalars of the model

(fvg+277viva)Vvy _‘l;(fva 427V V2) 0

_fva
vy 4
—3(fVo +207viva) L (fve +2h7viva) O n

M? =
! 0 0 IMvsy 0
i m o fuv
4 4 4vy

(19)

Analyzing this mass matrix, we see that the pseudo-scalar I de-
couples from the other ones. Consequently it couples exclusively
with the right-handed neutrinos (sterile neutrinos). The secret in-
teraction arises from the last term in Eq. (6)

%Ygf),gld)v;g +He (20)
This realizes the secret interaction required to re-conciliate eV ster-
ile neutrino with cosmology, see Eq. (1). The second condition is
that such pseudo-scalar has mass at sub-eV scale. From the mass
matrix above, we obtain the following expression to its mass,
M,2¢ = %Mv¢. (21)
Following Refs. [11,12], which suggest M;, < 0.1 eV, we then ob-
tain the condition M < 1078 eV for v, = 10° eV. In other words,
re-conciliaton of eV sterile neutrino with cosmology, according to
our scenario, is requiring that lepton number may be violated ex-
plicitly at very low energy scale. This is a very original result.
Moreover, observe that our benchmark points above provide
one sterile neutrino, vg, with mass of 7 keV. In this case, we have
that vg may be dark matter in the form of warm dark matter [17].
Although vg is not stable, because Z; is broken when o develop
VEV, its lifetime is much longer than the age of the universe. This
is so because it's mixing with the standard neutrino will induce
the radiative decay v — vey which is the only way such neutrino
may decay. The width for this decay channel take the expression
[18],

1

b 2 Mueys
1.8 x 1021s

keV~
(22)

T(ve — Vey) = aEmGEUZm), = UZ(

25672

For the values of m,; and Ues given above, we obtain 7, ~ 10%8 s.
This lifetime is many order longer than the age of the universe.

In summary, the model we are developing here generate small
masses for active and sterile neutrino through a kind of type I see-
saw mechanism working in low energy scale. A remnant of the
explicit breaking of lepton number in the form of pseudo scalar
gain mass at sub-eV scale and then re-conciliate eV sterile neutrino
with cosmology through secret interaction as claimed in Refs. [11,
12]. In what follow we discuss phenomenological consequences
and other gains of the model.

2.4. Some phenomenological aspects and other gains

Let us follow with the development of the scalar sector. The
other three pseudo-scalars provided by the diagonalization of M%
are: one Goldstone boson, A =171 + %12' eaten by the standard
neutral gauge boson Z°, and other two massive pseudo-scalars that
are a composition of the states (I, Iz, I5).

Concerning the CP-even scalars, considering the basis
(R1, Ry, Ry, Ry) and taking f > vg > vy >> vy >> vy >> M,
we obtain

%)\]V% —}lfv(, —%Ang,,, —%)LgV]VU
M,zg N T%fva le‘],:¢ —%1}»10V2V¢ A%fvl
7?)\48‘/]‘/(» 7§A]0V2V¢ j}@vi %V(ﬁ‘/g
—Irevive 1fv yyv, }lfvv—;”z+%;\4vg

(23)

The diagonalization of this mass matrix must provide the standard
Higgs and other three neutral scalars. No one entry of this mass
matrix is negligible. Then all these new neutral scalars mix among
themselves. See also that the 3 x 3 entry involves vy which is as-
sumed to be small. In this way it is quite reasonable to expect
that one neutral scalar, dominantly singlet, be light. Consequently
the model may give a reasonable contribution to the g — 2 of the
muon by means of this new neutral scalar. We check this in a fu-
ture paper.

Concerning the charged scalars, taking as basis (H, H;), we
have

) %“:—f(fvo+(16+)~7)vlvz) —3(fvo + (g +A7)v1v2)
€ ( —3(fvo + (e +A)v1va) 57 (fve + (s +A7)V1v2) )
(24)
As eigenvalues we obtain one Goldstone hi = Hf + }2H3 and one
eigenstate, hj = —y2HY + H7, with mass given by mi+ ~1fve.

This charged scalar intermediates rare lepton decay as for example
( — ey. In this case we have [19]

03c(Ypy; YDy, + Y01, YDy + Yooy YD33)2

24
6471(}th;4

BR(u —ey) = (25)

The current upper bound on this decay is BR(u — ey) < 5.7 x
10~13 [20]. This upper bound will put a constraint on the mass of
h;r and consequently over f and v.. For the set of values of the
Yukawa couplings Yp of our illustrative example we obtain the
constraint fvy, > 36 x 10% GeV2.

In what concern o, we added it with the proposal of raising the
mass of Ry. This is so because in the absence of o the mass of R,
get proportional to vy, as in the model in Ref. [21]. However, if we
allow a non-minimal coupling among o and gravity, £6*0R, its
quartic term, %4 (0*0)?, may drive Higgs inflation [22] in the mode
of Ref. [23] which allows & < 1. This is so because the potential



CA. de S. Pires / Physics Letters B 800 (2020) 135135 5

above contains a trilinear term involving o. This means that its
mass term is not dominated by A4. Instead it depends on f, v
and vy. This is seen in the 4 x 4 entry of M,Zg- Then, even if we
have a very small A4, as required by the cosmological perturbation
parameter Aﬁ ~ 1079, the mass of the inflaton R, may be heavy
due to the contribution of the term ~ f "11,—(‘7’2 and then engender
reheating easily.

3. Conclusion

In this work we proposed and developed a simple extension of
the standard model that is capable of explaining neutrino anoma-
lies through neutrino oscillation and is in accordance with cosmol-
ogy. For achieve this we extended the electroweak symmetry to
embed the Z; x Z3 symmetry and extended the particle content
of the standard model to embody three right-handed neutrinos in
singlet form plus one new Higgs doublet and two scalar singlets.
The discrete symmetries are necessary to guarantee that neutrino
masses are generated exclusively by the new scalar content. When
the Z3 x Z, is spontaneously broken by the VEVs of the additional
scalar content, the type I seesaw mechanism is triggered. By as-
suming that the VEVs involved in the mechanism belong to the
low energy scale, we obtain a seesaw mechanism that generates
tiny masses for both active and sterile neutrinos.

Re-conciliation of eV sterile neutrino with cosmology is achieved
by means of secret interactions involving the sterile neutrinos and
a pseudo-scalar with mass at sub-eV scale. Such exigency implies
that lepton number may be violated explicitly in an energy scale
of order of 1078 eV.

Thus, we are in facing of a change of paradigm in what concern
seesaw mechanism. This is so because canonical seesaw mech-
anism involves very high energy scale. However, explanation of
neutrino anomalies by means of neutrino oscillation in accordance
with cosmology is pointing to the contrary: seesaw mechanism be-
ing realized in very low energy scale.

Moreover, our model poses new degrees of freedom in the form
of neutral and charged scalars that may give reasonable contribu-
tion to the g-2 of the muon and mediate rare lepton decay.

In addition, the second singlet of scalars, the one that is not in-
volved in the seesaw mechanism, may play the role of the inflaton
in a scenario of Higgs inflation where the non-minimal coupling
may be smaller than one which guarantee that the model does
not face problem with unitarity.
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