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Neutrinos may be the harbingers of new dark sectors, since the renormalizable neutrino portal allows for
their interactions with hidden new physics. We propose here to use this fact to connect the generation of
neutrino masses to a light dark sector, charged under a new U(1)p dark gauge symmetry. We introduce
the minimal number of dark fields to obtain an anomaly free theory with spontaneous breaking of the
dark symmetry, and obtain automatically the inverse seesaw Lagrangian. In addition, the so-called p-term

of the inverse seesaw is dynamically generated and technically natural in this framework. As a bonus, the
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new light dark gauge boson can provide a possible explanation to the MiniBooNE anomaly.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
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1. Introduction

One of the most surprising experimental results of the last
decades has been the discovery of tiny neutrino masses and rel-
atively large neutrino mixings. Although non-vanishing neutrino
masses are a clear indication of physics beyond the Standard Model
(SM), the mechanism and the scales responsible for the neutrino
mass generation remain a total mystery.

It seems unlikely that the very small neutrino masses are gen-
erated by the same Higgs mechanism responsible for the masses
of the other SM fermions, since extremely small Yukawa couplings,
of the order of < 10712, must be invoked. A more ‘natural’ way to
generate neutrino masses involve the addition of new states that,
once integrated out, generate the dimension five Weinberg opera-
tor

C
Os5 = XLLHH. (11)

This is embodied by the so-called seesaw mechanisms [1-4]. The
smallness of neutrino masses relative to the weak scale implies
either that the scale of new physics A is very large (making
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it impossible to experimentally discriminate the different seesaw
mechanisms), or that the Wilson coefficient c is extremely small
(for instance, coming from loop effects involving singly or doubly
charged scalars [5]).

A different approach is given by neutrinophilic Two-Higgs-
Doublet Models [6,7]. In this framework, a symmetry (U(1) or Z3)
compels one of the doublets to couple to all SM fermions but neu-
trinos, hence being responsible for their masses, while the other
Higgs couples to the lepton doublets and right-handed neutrinos.
If the second doublet acquires a vacuum expectation value (vev)
around the eV scale, this leads to small neutrino masses. These
models, however, are either ruled out or severely constrained by
electroweak precision data and low energy flavor physics [8,9].

A variation of this idea, in which the symmetry is taken to be a
local U(1) and leads to the typical Lagrangian of the inverse see-
saw scenario, suffers from an accidental lepton number symmetry
that has to be explicitly broken to avoid the presence of a massless
Nambu-Goldstone boson in the spectrum [10]. All aforementioned
models have one of the two following features: (i) The model is
realized at very high scales, or (ii) the model is based on explicit
breaking of lepton number or other symmetries that protect neu-
trino masses (e.g. in TeV scale type Il or inverse seesaw models).

Neutrinos, however, are the darkest between the SM particles,
in the sense that they can couple through the renormalizable neu-
trino portal LH operator with generic dark sectors [11]. This fact
has been used in connection to thermal Dark Matter with mass in
the sub-GeV region (see for instance Refs. [12,13]). In this letter we
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propose to use such a portal to explicitly connect a new light dark
sector with the generation of neutrino masses. In this way, we are
able to lower the scale of neutrino mass generation below the elec-
troweak one by resorting to a dynamical gauge symmetry breaking
of this new sector. The dark sector is mostly secluded from exper-
imental scrutiny, as it only communicates with the SM by mixing
among scalars, among neutrinos and dark fermions, and through
kinetic and mass mixing between the gauge bosons. This scheme
has several phenomenological consequences at lower energies, and
in particular it offers a natural explanation for the long-standing
excess of electron-like events reported by the MiniBooNE collabo-
ration [14,15].

2. The model

To avoid any neutrino mass contribution from the Higgs mech-
anism, we introduce a new dark gauge symmetry U(1)p, un-
der which the SM particles are uncharged, but the new sector is
charged. To build a Dirac neutrino mass term we need a SU(2);
singlet right-handed dark neutrino N, and a dark scalar doublet
¢, both having the same U(1)p charge +1. The absence of chiral
anomalies require a second right-handed neutrino, N’, with an op-
posite U(1)p charge, thus restoring lepton number symmetry. We
add to the particle content a dark scalar SU(2); singlet Sp, with
dark charge +2, whose vev spontaneously breaks lepton number,
giving rise to a Majorana mass component for the dark neutrinos.
As we will see shortly, this setup leads to an inverse seesaw struc-
ture in which the lepton number breaking parameter is promoted
to a dynamical quantity. Finally, this scalar content enjoys an acci-
dental global symmetry which is spontaneously broken. To avoid a
massless Goldstone boson, an extra dark scalar SU(2); singlet Sy,
with dark charge +1, is included in the spectrum. Its vev breaks
all accidental global symmetries. This field will allow for mixing
among all the scalar fields, including the SM Higgs.

The dark scalar S; will spontaneously break U(1)p by acquir-
ing a vev, while ¢ and S, will only develop an induced vev after
the breaking of the electroweak and dark symmetries. By making
a well motivated choice for the hierarchy of the vevs, our model
allows a dynamical generation of the light neutrino masses and
mixings at very low scale. Our model predicts masses for the dark
scalars within the reach of current experiments as well as a light
dark vector boson, Zp, that has small kinetic mixing with the pho-
ton and mass mixing with the SM Z boson.

The dark particles communicate with the SM ones via mixing:
flavor mixing (neutrinos), mass mixing (scalars) and mass mixing
and kinetic mixing (Zp), giving rise to a simple yet rich phe-
nomenology.

2.1. The dark scalar sector

Let us start discussing the scalar sector of the model. This will
motivate the region of parameter space on which we will focus
throughout the paper. The most general SU2); x U(1)y x U(1)p
invariant scalar potential that can be constructed out of the fields
and charges outlined above is

V =—m (H'H) + mj (¢'p) — m}S}S1 +m3S35,
/
- [%sl(dﬁm n %s%s; 4 %(th)s]s; + h.c.]

{H,$,51,52}

3 a@le)? (21)
%

+ Ayt HHg +
(H..51.55)

D

p<g’

rpp @TQ) (@) .

(In the last sum, the notation ¢ < ¢’ is to avoid double count-
ing.) We denote the vevs of the scalar fields as (H, ¢, S1, S2)|vev =
(v,v¢,w1,w2) /ﬁ. We stress that we are supposing the bare
mass terms of H and S; to be negative, while we take the cor-
responding ones for ¢ and S, to be positive. This ensures that, as
long as 4 = ' =« =0 (ie. if there is no mixing among the scalar
fields), the latter fields do not develop a vev, while the former do.
In turn, this implies that the vevs vy and w; must be induced by
i, 1, andfor c.

We now observe that u, i/, and « explicitly break two acciden-
tal U(1) global symmetries, making these parameters technically
natural.! For our purposes, this means that @, ¢’ and « can be
taken small in a natural way, and justifies our working hypothe-
Sis vy, wp K v, w1. As we will see later, this hierarchy of vevs will
provide a low scale realization of the inverse seesaw mechanism
with low scale dynamics associated to it. Explicitly, we obtain

1 ap vl U1V

Vv AN MZ] v , and (2.2)
8v2 S Hp Hp
1 apvie? " w?

el B Licd By I (23)

w2 = 2 2 2
8v2 Mg, My, Mg

with Mf,D and Mg, approximately being the physical masses of
D

the respective scalars (to be defined below). In order to avoid large
mixing between H and ¢, we will always make the choice w1 < v.
The scalar spectrum contains, in addition to the SM-like scalar
hsm with mass my, ~ 125 GeV, three CP-even dark scalars Hp,
Sp and S’D, with masses My, Ms, and MS’D' two CP-odd dark
scalars Ap and ap with masses Ms, and My, and a charged
dark scalar H% with mass My« .
D
Explicitly, the masses of the CP-even scalars are 2
mﬁSM ~2Aauve,

2 2
MSD ~2As5,007,

AHg + A (2.4)
2 2 H¢ 2 E
MHD_m¢ #v s
M2, ~m2+kH52 v2

D2 2 ’

T One of the symmetries is lepton number, the other is a symmetry under which
only ¢ and L are charged, with opposite charge. Since there are only two global
symmetries for 3 parameters, having two of them non-zero necessarily generates
the third by renormalization group running.

2 Radiative corrections will naturally contribute to the masses of these scalars.
There are potentially several contributions according to Eq. (2.1), the quartic cou-
plings being the most dangerous ones. In order to avoid fine-tuning, we will al-
ways demand the masses of the lightest scalars to satisfy Mjghtest > ﬁMheaW /8w,
where Mpeay denotes any of the heavy scalar masses. By the same argument we
expect i, 1’ and av to be below Mijjghees. Our computation ignores the threshold
at the Planck scale, which must be stabilized by other means (for instance, super-
symmetrizing the theory).



212 E. Bertuzzo et al. / Physics Letters B 791 (2019) 210-214

while the masses of the CP-odd and charged scalars are given by

MAD ZMHD, (2.5)
MaD ~ MSZD s (26)
My v2
2 _pn2 _ “He
M =M, = — (2.7)

As for the composition of the physical states, since the mixing
in the scalar sector is typically small, we can generically define

Pphysical = @ — Z egogo’(/)/ ) (2.8)
'F#
where @physical denotes the physical scalar field that has the largest

¢ admixture. Then, the mixing in the CP-even scalar sector is given
by

OHgp =~ [(AH¢ + Apg) VoV — Mw1/2\/§] /AM}ZTSMHD ,
OHs, = AHs, a)1V/AM}ZISMSD s

~ 2
OHs, ~ AHS, wZV/AMhSMS/D ,

Ops, ~ UV /2V2AM} s . (2.9)

2
Ops, > 0 w1 V/4AMHDS/D s

Os,5, = M’a)]/ﬁAMEDS,D R

where AM?NJ, = Mé - M;,, while the Nambu-Goldstone bosons as-
sociated with the W*, Z and Zp bosons are defined as

v
Gﬁ,:Hi—T‘qui,

G, ~Im(H® + V7¢Im(¢0), (2.10)

2
20 % v
Gzp ~IM(S1) + =—2Im(S2) + —2Im(¢%) — —2-Im(HO).
w1 w1 w1V

We see that our hypothesis vy, w; <« w1 < v prevents any rel-
evant modification to the Higgs-like couplings, and hsy ends up
being basically like the SM Higgs boson. Moreover, due to the
mixing with the Higgs field, the dark scalars and the longitudinal
mode of the Zp will also couple to SM fermions via SM Yukawa
couplings. Nevertheless, such couplings to light fermions are quite
small as they are suppressed by the hierarchy of vevs. If the spec-
trum enjoys light degrees of freedom (below the 100 MeV scale),
an interesting phenomenology may be associated with this sector.
A dedicated study will be pursued in a future work.

2.2. Neutrino masses and mixings

Let us now discuss the generation of neutrino masses and mix-
ings, and how the dynamics of the dark sector outlined so far
ensures light neutrinos. The most general Lagrangian in the neu-
trino sector, compatible with our charge assignment, is

Ly=—yyLoN + yn Sy NN + yn S5 N'N'€
+mN'N +h.c., (2.11)

where y,, m, yy and yy are matrices in flavor space. After
the two-steps spontaneous breaking SU(2); x U(1)y x U(1)p v,

U(em x UD)p - U(1)em, the neutrino mass matrix in the
(v, N, N’) basis is

\ . . . . .

N VRN /7 N\ ’
<HN AT ’ \ ’
% ,’ ! <S,>\\ ,’< S,> < H>\\ ,,< S, >
| | |
je is. 4
| | |
1 N 1 N 1
v N YN N ‘Y N v

Fig. 1. Diagram for the dynamically induced light neutrino masses in our model.

1 0 Yu Ve 0
T vy Vg YNW2 V2m
2 0 V2m' yyw

As already stressed, vy generates a Dirac mass term, while w;
plays the key role to generate a naturally small term yy’@,, which
can be identified as the tiny mass term of the inverse seesaw [iss
(the dimensionful parameter of inverse seesaw that breaks lepton
number by two units), and we obtain a dynamically generated in-
verse seesaw neutrino mass matrix. The mass matrix m can always
be made diagonal, and in principle take any value, but given the
smallness of the Dirac and uss-terms, it is clear that we can gen-
erate light neutrino masses even with values of m smaller than
that in the usual inverse seesaw scenario.

More precisely, the light neutrino mass matrix is given at lead-
ing order by

M, = (2.12)

1 1
~ (vTv. ) —— (v _
My = (YyVe) =7 (YN@2) (Yo Vg). (213)
Inspection of Eq. (2.11) makes clear why we can substantially
lower the scale of neutrino mass generation, since in our con-
struction the light neutrino masses are generated effectively as a
dimension nine operator (see Fig. 1). Schematically, we start with
I¢)(¢"L)
L~ y2 yy =55 (214)
Remembering that the vevs of ¢ and S, are induced by the dy-
namics of the scalar sector, we can rewrite the previous operator
in terms of H and Sq, the fields whose vev’s are present even in
the limit {x, u', o} — 0. We obtain

w? ' (I°H)(HTL)

(S751)%,
4 2 2
M, Mg om

L0~ ylyn (2.15)

from which it is clear that, ultimately, neutrinos masses are gener-
ated by a dimension 9 operator (see, e.g., Refs. [16] for generation
of neutrino masses from higher dimensional effective operators).
In addition, we have a further suppression due to the fact that u
and ' can be taken small in a technically natural way.

The mixing between active and dark neutrinos can be explicitly
written as

3

Vo :Zuaivi""ua’DND,
i=1

(2.16)

o =e, U, t,D, where v; and v, are the neutrinos mass and flavor
eigenstates, respectively (we denote by o =D the 6 dark neutrinos
flavor states, while U, p is a 9 x 6 matrix). Schematically, we have
that the mixing between light and heavy neutrinos is y,vg/m.
Note that the dark neutrino can be made very light, without in-
troducing too large mixing, even for y, ~ O(1) since vy K v.
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2.3. Zp and the gauge sector

The new vector boson will, in general, communicate with the
SM sector via either mass mixing or kinetic mixing. The relevant
part of the dark Lagrangian is

2

m
Z
LpD TD ZpuZln + gpZp Jop +e€ Zh I +

g

o Z
= e 7F )7
cw DI

(2.17)

where mz,, is the mass of Zp, gp is the U(1)p gauge coupling,
e is the electromagnetic coupling, g/cw is the Z coupling in the
SM, while € and €’ parametrize the kinetic and mass mixings, re-
spectively. The electromagnetic and Z currents are denoted by J™
and J EL while Jp, denotes the dark current.

In the limits we are considering, the Z and W* masses are
essentially unchanged with respect to the SM values, while the
new gauge boson mass reads

my, ~gp (w%+vi+4w§> ~ g4 w?, (2.18)

with mass mixing between Z and Zp given by

2
2 v
¢~ 8D 0 (2.19)
g/ew v
Of course, a non-vanishing mass mixing €’ implies that the Z bo-
son inherits a coupling to the dark current

2
L7 = ﬂzﬂzﬂ + izﬂji —gp€'Z" Jpy . (2.20)
2 cw
While the new coupling allows for the possibility of new invisi-
ble Z decays, the large hierarchy vy <« v guarantees that the new
contributions to the invisible decay width are well inside the ex-
perimentally allowed region. The vev hierarchy also protects the
model from dangerous K, B and Y decays with an on-shell Zp in
the final state [17,18].
The kinetic mixing parameter € is allowed at tree-level by all
symmetries of the model. Moreover, it is radiatively generated (see
e.g. Ref. [19]) by a loop of the H% scalar which magnitude is

2
egp Mz,
4802 m2,
HD

€L00P ™~ (2.21)

In what follows, we will take € as generated at tree-level, with
€TREE > €Lo0op to guarantee the radiative stability of the theory.
The kinetic mixing will lead to interactions of the Zp to charged
fermions, as well as decays if kinematically allowed (see e.g.
Ref. [20] for constraints).

3. Phenomenological consequences

We would like at this point to make some comments about the
possible phenomenological consequences of our model. To illus-
trate the discussion let us consider a benchmark point consistent
with our working hypothesis vy, w2 <« w1 <« v. This point is de-
fined by the input values given in Table 1, producing the physical
observables in Table 2.

We see that for this point the changes in the masses of the SM
gauge bosons as well as the mixings of the Higgs with the new
scalars are negligible, so we do not foresee any major problems to
pass the constraints imposed to the SM observables by the Teva-
tron, LEP or the LHC data. Moreover, our model is endowed with
all the features needed to explain the excess of electron-like events

Table 1

Input values for a benchmark point in our model that can provide an explanation
of the low energy MiniBooNE excess [14,15]. See Table 2 for the respective physical
masses and mixings.

Vacuum Expectation Values

v (GeV) wq (MeV) vy (MeV) wy (MeV)

246 136 0.176 0.65
Coupling Constants

Ay AHg :)\.;_,¢ AHS, AHS,

0.129 1073 1073 —1073

Apsy Ags, Asy AsyS,

102 102 2 0.01

K (GeV) 1 (GeV) o gp

0.15 0.01 1073 0.22

Bare Masses
my (GeV) my (GeV)
100 5.51

observed by the MiniBooNE experiment: a new dark vector boson,
Zp, that couples to the SM fermions by kinetic mixing and also
directly to a dark neutrino, vp, which mixes with the active ones.
As shown in [15], the dark neutrino can be produced via neutrino-
nucleus scattering in the MiniBooNE detector and, if my, > mz,,,
subsequently decay as Np — Zp + v;. The Zp can then be made
to decay primarily to ete~ pairs with a rate that results in an ex-
cellent fit to MiniBooNE energy spectra and angular distributions.

In general, this model may in principle also give contributions
to the muon g — 2> to atomic parity violation, polarized elec-
tron scattering, neutrinoless double B decay, rare meson decays
as well as to other low energy observables such as the running
of the weak mixing angle sin? @y . There might be consequences
to neutrino experiments too. It can, for instance, modify neutrino
scattering, such as coherent neutrino-nucleus scattering, or impact
neutrino oscillations experimental results as this model may give
rise to non-standard neutrino interactions in matter. Furthermore,
data from accelerator neutrino experiments, such as MINOS, NOvVA,
T2K, and MINERVA, may be used to probe Zp decays to charged
leptons, in particular, if the channel w™u~ is kinematically al-
lowed. We anticipate new rare Higgs decays, such as hsy — ZZp,
or H% — W*Zp, that depending on mz,, may affect LHC physics.
Finally, it may be interesting to examine the apparent anomaly
seen in Be decays [21] in the light of this new dark sector.

The investigation of these effects is currently under way but
beyond the scope of this letter and shall be presented in a future
work.

4. Final conclusions and remarks

The main purpose of this letter has been to explicitly connect
the generation of neutrino masses to the existence of a new light
dark sector. Doing so, we are able to lower the scale of neutrino
mass generation substantially below the electroweak one by re-

3 Since additional electrically charged/neutral scalar (H%, Hp,Ap) fields and a
light dark gauge boson (Zp) field are present in our model, they will induce a shift
in the leptonic magnetic moments and mediate LFV decays via the interactions as
shown in Eq. (2.11) and Eq. (2.17). The contribution to muon magnetic moment
from neutral dark Higgs fields (Hp, Ap) with flavor-changing couplings is negli-
gible in our framework. The dominant contribution will arise from singly charged
scalar (H%) via the interaction term y, LéN. But, the singly charged scalar correc-
tion to muon g — 2 is negative and rather destructive to the other contributions.
Whereas, the one loop contribution of the dark gauge boson (Zp) to muon g —2 is
quite promising and a dedicated study will be pursued further on that. It is worth
mentioning that there will be another small contribution to muon g — 2 from the
W boson exchange via mixing between active and dark neutrinos.
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Table 2
Physical masses and mixings for the benchmark point of our model that can provide an explanation of the low energy MiniBooNE excess [14,15]. The light-heavy neutrino
mixing is schematically denoted by |Uyy|?, and mnp, denotes the order of magnitude of the diagonal entries of the dark neutrino mass matrix.

Masses of the Physical Fields

My, (GeV) mup, (GeV) msp, (MeV) ms; (MeV) My (GeV) Mgy, (GeV) Map, (MeV) mzy, (MeV) mnp (MeV)
125 100 272 320 100 100 272 30 150

Mixing between the Fields
OHg Ons, OHs, Ops, 0ps, 05,5, e€ € [Uan?
1.3 x 1076 2.1x10° 10-8 1.2x1073 8.3x 1077 3.4 x 1072 2x107* 3.6x 10714 O(107%)

sorting to a dynamical breaking of a new U(1)p dark gauge sym-
metry under which SM particles are neutral.

Our secluded sector consists of the minimal dark field content
able to ensure anomaly cancellation, as well as the spontaneous
breaking of the dark gauge symmetry without the appearance of a
Nambu-Goldstone boson. It consists of a new scalar doublet, two
scalar singlets and a set of six new fermion singlets, all charged
under the dark symmetry. A judicious choice of dark charges al-
lows to generate neutrino masses by a dynamical inverse seesaw
mechanism, but unlike the usual inverse seesaw scenario, the so-
called piss-term is here dynamically generated, and can be small
in a technically natural way. Interestingly, neutrino masses effec-
tively emerge only at the level of dimension 9 operators, and we
can have a new light dark gauge boson in the spectrum.

The dark sector is mostly secluded from experimental scrutiny,
as it only communicates with the SM by mixing: the SM Higgs
mixing with dark scalars, neutrinos mixing with dark fermions,
and through kinetic and mass mixing with the dark gauge boson.

The low scale phenomenology of the model is simple yet rich.
It is possible that our model gives sizable contributions to several
experimental observables such as the value of the muon g — 2, the
Majorana mass in neutrinoless double 8 decay or influence atomic
parity violation, polarized electron scattering, or rare meson de-
cays, among others. Moreover, the mechanism we propose in this
letter could provide an novel explanation to the MiniBooNE low
energy excess of electron-like events [15].

As a final remark, let us stress that we presented here only
the low scale realization of the model, imposed by the hierarchy
of vevs we have selected. Nevertheless, we could have chosen a
different one, for instance, w; = v. In that case we would have a
high scale realization of the model, with unique phenomenological
consequences at the LHC, for instance displaced vertex or prompt
multi-lepton signatures.
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