PHYSICAL REVIEW D 99, 091701(R) (2019)

Rapid Communications

Neutrino masses from a dark neutrino sector below the electroweak scale
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We consider a minimal extension of the Standard Model which advocates a dark neutrino sector charged
under a hidden U(1)’. We show that neutrino masses can arise radiatively in this model. The observed
values are compatible with a light dark sector below the electroweak scale and would imply new heavy
fermions which may be testable in the next generation of beam dump searches at DUNE, NA62 and SHIP.
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I. INTRODUCTION

Neutrino oscillations have been established by several
experiments [1], implying small but nonvanishing neutrino
masses. In the Standard Model (SM), neutrinos are strictly
massless due to the absence of right-handed neutrino fields,
urging for extensions of the theory. The Type-I seesaw
mechanism [2], arguably the most popular mechanism to
explain the lightness of neutrino masses, relies on the addition
of at least two heavy right-handed neutrinos Ng. The large
scales of Ny and/or the smallness of the Yukawa couplings
makes the minimal realization of this model difficult to test.
Therefore, searching for variations of the Type-I seesaw
where novel and testable phenomena are present is an
essential part of solving the neutrino mass puzzle [3]. A
few notable examples of such alternatives are the inverse
seesaw (ISS) [4] and the linear seesaw (LSS) [5], where the
lightness of neutrino masses is explained by an approximate
conservation of lepton number, and the extended seesaw
(ESS) [6], where new heavy neutral fermions generally
appear at small scales. This class of models assumes addi-
tional SM gauge neutral fermions that mix with light
neutrinos, usually referred to as sterile neutrinos. These,
however, need not be completely sterile and might have new
gauge interactions shared with the SM fermions [7—15] or not
[16-20]. In the latter case, we refer to these new heavy
fermions as dark neutrinos. The interest in such particles
arises from their novel interactions which may “leak™ into
the SM sector via neutrino mixing, where they offer a variety
of phenomenological and cosmological consequences.
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In this article, we consider the new minimal model
introduced in Ref. [21]. It introduces two types of new
neutral fermions, namely dark neutrinos v, and additional
sterile neutrinos N. We impose a hidden U(1) gauge
symmetry with the associated hidden gauge boson X,
which mediates the dark neutrino interactions. The sym-
metry is subsequently broken by the vacuum expectation
value (vev) of a complex dark scalar @. As discussed in
Ref. [21], the model can exhibit a significantly different
phenomenology than the case of neutrino mixing only.
Beyond evading many current bounds, such dark neutrinos
could explain the MiniBooNE anomaly as discussed in [22]
(see also [23]) and lead to novel neutrino scattering
signatures [24]. Bounds on dark photons might also be
severely weakened. If kinematically allowed, they would
mainly decay into heavy neutrinos, which may be invisible
or lead to multilepton plus missing energy signatures.

In this article, we discuss the generation of neutrino
masses in our dark neutrino model. Crucially, the new
gauge symmetry forbids Majorana mass terms for the v
states and, after symmetry breaking, leads to a mass matrix
similar to the one in the so-called minimal ISS [25]. As
such, this symmetry-enhanced seesaw predicts vanishing
light neutrino masses at tree level. Here, we show that it
induces their radiative generation via one-loop diagrams
involving the new scalar and vector particles [17,25,26].
After identifying the range of heavy neutrino parameters
required to explain the observed light neutrino masses, we
point out interesting phenomenological consequences.

II. MODEL SETUP

Following [21], we add two types of heavy neutral
fermions to the SM, namely a dark neutrino vp ; = vp and
a sterile state N; = N. For simplicity, we restrict the
discussion to one generation in order to focus on the main
features of the model.

We impose a new Abelian gauge symmetry U(1)" with
associated mediator X, and introduce a neutral complex
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scalar ®. No SM fields are charged under U(1)". The
scalar ® and the fermion v, carry the same U(1)’ charge,
while N remains completely neutral. The gauge-invariant
Lagrangian is given by

L=Lsy+(D,®)"(D*®)—V(®,H)
1 _
_ZXMVX;H/ +N18N+%1DZ/D
/
- yf(L_a'H)N”+%NN"+yNNui)CD+H.C. . )

where XW = oFXY — " XY, D,= (8” - ig’Xﬂ), L,=
(WL, 1) is the SM leptonic doublet of flavor a = e, u,
rand H = io,H* is the charge conjugate of the SM Higgs
doublet. In the neutral fermion sector, we have Yukawa
couplings y¢ and yy responsible for L, — N and vp — N
interactions, respectively, and a Majorana mass g’ for N.
The latter term violates by two units any lepton number
assignment which leaves the Yukawa term L, — N invari-
ant. As such, it plays a crucial role in the generation of light
neutrino masses, as we discuss.

We are interested in the case in which both the neutral
component of the fields H and @ acquire nonvanishing
vev’s, vy and v,,. They induce mixing between active and
heavy fermions, and give a mass to the gauge boson X, and
to the real component of the scalar field ¢. We are interested
in proposing a model for neutrino masses which is testable in
current and future noncollider experiments, and as such we
focus on a new physics scale which is below the electroweak
one, v, < vy. In addition to the neutrino portal, this model
can accommodate a vector portal arising from vector kinetic
mixing term and a scalar portal coming from the cross-
coupling term H'H®'® in the potential [21]. Kinetic
mixing can be reabsorbed in a redefinition of vector fields,
leading to a new gauge boson which has vector couplings
to the SM fermions proportional to their electric charge.
For our neutrino mass generation mechanism, the vector
and scalar mixing do not play a relevant role and we set them
to zero from here onward, unless otherwise specified.
Regarding the vector boson, we refer to it as a Z/,
independently of kinetic mixing.

III. NEUTRINO MASSES

After symmetry breaking, two Dirac mass terms are
induced with mj, = y%vy/v/2 and AEvaq,/\/Z For
one active neutrino v,, a@ = e, j, 7, the mass matrix is
given by

1 0 mp O Vg

‘cmass ) E ( Vg N Up ) mp /l/ A N¢ +H.c.
0 A 0/ \u

)

Let us emphasize the fact that in our model the zeros in the
vp —vp and v, —vp entries are enforced by the U(1)’
symmetry, differently from LSS and ISS models, in which
these are generically assumed to be nonzero and small due
to the quasipreservation of lepton number. Here, lepton
number violation (LNV) may be large, as the 4 term breaks
it by two units. Alternatively, it can be small and technically
natural, leading to quasidegenerate heavy neutrinos, see
below.

After diagonalization of the mass matrix, the two heavy
neutrinos, v, (h = 4, 5), acquire masses

_ W F U AN +mp)
m4_5 = .

2

Assuming that mp << A, we focus on two interesting
limiting cases.

The ISS-like scenario is defined by A > 4/: the two
heavy neutrinos are nearly degenerate with a mass A and
mass splitting y'. The relevant mixing parameters are
Ugss ~mp/\2A and Up,s ~ 1/+/2. The ESS-like case
has A < y': one neutral lepton remains very heavy,
ms ~ ', and mainly in the completely neutral direction
N, and the other acquires a small mass via the seesaw
mechanism in the hidden sector with my ~ —A?/u’' and
Ups ~ A/y'. The mixing with active neutrinos is given
by Ugs ~ mD/M/ KUy~ "/ID/A

The specific form of the mass matrix in Eq. (2) implies
vanishing light neutrino masses at tree level, as its deter-
minant is zero [25,27]. This feature holds to all orders in
the seesaw expansion [27-29]. The light neutrino masses,
however, are not protected by any symmetry and arise from
radiative corrections (for a review of radiative neutrino
mass models see, e.g., Ref. [30]).

A. Radiative corrections

We now show that our model generically leads to the
generation of light neutrino masses at one loop. The calcu-
lation of the radiative mass term follows Refs. [31,32] with
the addition of the loops with the new boson and scalar
particles shown in Fig. 1. The self-energy of the Majorana
neutrino fields is given by

%i(q) = aPLEG(q) + aPRE (q) + PLEY (¢°)
+P RZ%*(Cﬁ)'
Using the on-shell renormalization scheme, the renormalized

mass matrix for the light neutrinos, massless at tree level,
emerges at one loop and is given by [32]

i = Re(Z}(0)

ij i,j <4.

The self-energy can be decomposed as
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FIG. 1.
ZM(0) = £7(0) + =5 (0) + £ (0)
+32(0)+£7(0) +£7(0),  (3)

where %G1 come from the SM particles, Z°, the Higgs
and the associated Goldstone boson, respectively, and
7G4 are the new terms present in our model, mediated
by the new gauge boson and new scalar components.
From it, we write the 3 x 3 light neutrino mass matrix

5 m3
1
— k 2
_22[ kCik— ) F(mi, m3, mj)
k=4 myz
m; 2 2 0
+Diijkm—2F(mk,mZ/,mlp/) . (4)
ZI

where we defined coupling matrices corresponding
to the SM and new physics interaction terms assuming

¥ = oy = O:
g

g
= U, and D, ==
Waz; T2

/

piUpk- (5)

Equivalent expressions can be found for nonvanishing
portal couplings, but considering experimental constraints
we find that these do not play a role in the neutrino
mass generation. It is possible to show that in general
kakC,-ijk:O and EkmkD,»ijk:O for any i, ]
By virtue of the latter property, the loop function can be
written as

31n(a/b)
a/b-1

In(a/c)

F(a,b,c)= ajc—1

(6)

Turning off the ¢ gauge coupling, we recover the
expression for the Type-I seesaw case [31]:

m;; = 1677,' a;e U(ll U[)’j Uaﬁ UﬂS

x (m3F(m3, my. mj) = miF (mg mgz.my)).  (7)

These SM corrections to neutrino masses also arise in the
minimal ISS model [25,27]. In the latter, however, no
explanation is provided as to why they dominate neutrino
masses. Moreover, if we restrict the discussion to scales well
below the electroweak one, ms; << 10 GeV, bounds on the
mixing angles severely constrain the parameter space viable
to generate the observed values of the masses.

Vj Vi 1473 Vj

The three contributions to the neutrino self-energy arising from novel bosons in the theory.

For a light Z’, the second term in Eq. (4) dominates
2
BT

X (m2F(m2,m%, mé/) — miF(mj, m3.my)).  (8)

m
2 s
szbDijS

We notice that the resulting mass matrix has only one
nonzero eigenvalue. This suggests that a typical prediction
of our model is a normal ordering mass spectrum, in which
my is given by this radiative mechanism and m, has another
origin, for example, the loops mediated by the SM gauge
bosons or by additional particle content. Our simplifying
assumption of one generation of hidden fermions is by no
means necessary and more generations of new fermions are
possible, leading to a much richer structure for the light
neutrino mass matrix. The additional 4’ terms would not be
constrained and could be at different scales, while the A
terms arise from the U(1) breaking and are therefore
constrained to be at/below v, Therefore, the full model
could present a combination of relatively light Majorana v,
mainly in dark direction, some very heavy nearly neutral
neutrinos and pseudo-Dirac pairs at intermediate scales.
A discussion of this extension is beyond our scope, but we
note that it has interesting consequences for both the heavy
and light neutrino mass spectra and mixing structure.

Working in a single family case, we derive expressions
for Eq. (8) in the seesaw limit for both the ISS- and ESS-
like scenarios. In the ISS-like regime and assuming
mz,my < A, Eq. (8) simplifies to

2
g/2 m2 2 m*,
msy =~ 87 2 <3l A lnA—i—4 s (9)

while for my, my > A it reduces to

g mp s
(342 10
"™ =162 A2Y (+m> (10)

7!

As can be expected, neutrino masses are controlled by the
LNV parameter 4’ and are enhanced with respect to the SM
contribution by a factor of (my/my)?* in the former, or
(myz/A)? in the latter case.
For the ESS-like regime, taking m, m, < ', the light

neutrino mass is approximately

m?,

)

g mlz) A2 m2,
3In—%+1n
" E T6n? AT + i, + m3 m2, el u? *
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while for mz,m, >y, it is

2
g my A’ m2, my
e N Oz Tz ) (12

In this case, the light neutrino masses are controlled mainly
by vs, and the intermediate state v4 can be much lighter.

IV. SEARCHING FOR THE ORIGIN OF
NEUTRINO MASSES

In what follows, we discuss the experimental reach to the
heavy neutrinos responsible for neutrino mass generation in
our model. Since the vector and scalar portals do not
contribute significantly to neutrino masses, we first restrict
the study to the case y = Apy = 0. For the sake of
simplicity and concreteness, we work with a single gen-
eration of light neutrinos and focus on the mixing with the
muon neutrino. We emphasize that our model predicts

U2
R _Za (13)

ms U’
implying that both heavy neutrinos should be searched for.
For a real mixing matrix one can write )} Uz, ~ Uy, and
U?s ~ 1 for small U 4 Using these relations and Eq. (4),
we plot the region of interest for neutrino mass generation

in Fig. 2. We require m; = \/Am2,, ~0.05 eV and vary
my/ms from 1% (ESS-like) to 99% (ISS-like). For the
hidden sector parameters, we fix my =1 GeV, m, =
2 GeV and ¢ = 1. By decreasing (increasing) the mass of
the Z’, it is possible to shift the band to smaller (larger)
values of the mixing angles, although for values smaller
than a few hundred MeV, the neutrino masses have a very
mild dependence on my [Eqgs. (10) and (12)]. Increasing
my/ms to values closer to 100% (i.e., decreasing u’ below
ms/100) shifts the top of the band to larger values of
mixing angle and asymptotically recovers lepton number as

0= g =1 myp=1GeV, m,=2GeV
T T

Excluded N S

FIG. 2.

a symmetry. Although this possibility appears excluded for
my = 1 GeV, it can be achieved by lowering the mass of
the mediator particles. For instance, for my = m, /2 =
100 MeV and ms < 100 MeV, we find that values as small
as y' = 1073 ms are not covered by the gray region in Fig. 2.
Values of my/ms < 1% have no effect in the parameter
space of vs, since in that limit the v5 state (mostly in the N
direction) dominates the loop contribution.

The region labeled as excluded in Fig. 2 is composed of
bounds from peak searches [33—35], beam dump [36—41] and
collider experiments [42—-44]. Current and future neutrino
experiments can also cover a large region of parameter space
with m;, <2 GeV. For instance, we show the sensitivity of
the Short-Baseline Neutrino Program (SBN) [45] and of the
Deep Underground Neutrino Experiment (DUNE) near
detector [46,47] to heavy neutrinos in decay-in-flight
searches. We also show the reach of the NA62 kaon factory
operating in beam dump mode [48], and the dedicated beam
dump experiment Search for Hidden Particles (SHiP) [49,50],
which will cover a much larger region of parameter space
from 400 MeV to <6 GeV. All bounds and sensitivities
shown do not take into account the new invisible decays of the
heavy neutrinos. Searches that rely on the visible decay
products of the heavy neutrinos need to be revisited if the v,
can decay invisibly or if new channels mediated by the vector
(and/or scalar) portal dominate. In particular, faster decays of
vy, can shift decay-in-flight bounds to lower values of mixing
angles, as discussed in detail in Ref. [45]. Peak searches apply
as shown provided v;, does not decay immediately via neutral-
current channels with visible charged particles.

Let us first consider the case of subdominant vector and
scalar portals. Compared to the “standard" sterile neutrino
case, in which v, have only SM interactions suppressed
by neutrino mixing, the new neutral-current interaction can
enhance the v, decays into light and heavy neutrinos. A
comprehensive analysis is beyond the scope of this article
and we focus on three benchmark points (BPs) shown in

1075 E

‘U/t4‘2

1078

10710

10712

The region of interest for neutrino mass generation in our model in the parameter space of the (left panel) v5 and (right panel)

v, mass states. We require m; = \/Am2,, and vary 1% < m4/ms < 99%. Our BPs are (A) ms = 800 MeV, my/ms = 99%,
() ms =150 MeV, my/ms =50% and (x) ms = 150 MeV, my/ms = 12%. All bounds and projections displayed assume
x = Apn = 0. The dashed black line shows the equivalent Type-I seesaw contribution to the light neutrino mass.
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Fig. 2 to exemplify the most characteristic properties. The
BP represented as a triangle (A) corresponds to ms =
800 MeV and my/ms = 99%. In this case, the two heavy
states are very degenerate in mass and decay like a standard
sterile neutrino via |U, M4|2—suppressed SM charge- and
neutral-current interactions. The channel v5 — v4v,0, via
the Z' is phase space suppressed and becomes relevant only
for larger mass splittings. The invisible v, decay mediated
by the Z’ is subdominant as it scales as |U ,4|° and becomes
important only for larger values of the mixing angles.

For the next BPs we fix ms = 150 MeV. If we take
my/ms = 50%, as we do for the BP represented by the circle
(o), vs will predominantly decay to v4v,7, due to the Z’
contribution (provided |U 5> 2 (my/mz)*). Consequently,
the best candidate for detection is the v, via the SM weak
decaysv, — v,ete™. The values of the mixing angles for this
BP, |U,4> ~3 x 1077 and |U,5|* ~ 1077, are within reach of
the SBN and DUNE experiments. For a larger mass hierarchy,
e.g., my/ms = 12%, see star BP (x), the Z' mediated decay
vs — vuv4v, dominates, inducing a large v, population in
addition to the states already produced in the beam. The
intermediate state v4 can further decay as in the previous case
intov, — v,ete™. For the mixing angles we are considering,
|U,|* ~ 107 and |U,s5|* ~ 1077, DUNE will be able to test
this BP. Similar considerations apply to the case where
ms > my + my, where now the Z' can be produced on shell
in the v5 decay. The behavior of v, is as discussed above. If
myz < ny, then both heavy neutrinos predominantly decay
into neutrinos and the Z’, which presents a challenge for
detection as it produces mainly light neutrinos.

Experimental detection of the Z’ and ¢’ particles in the
absence of kinetic and scalar mixing is also daunting.
Nevertheless, they can be searched for in the kinematics
of charged particles from meson decays [51,52]. Another
strategy is to search for the neutrino byproducts of the decay
of a Z' produced at accelerator neutrino facilities [53].

If the vector (and scalar) portals are non-negligible, the
phenomenology could be significantly richer, as discussed in
[21]. In particular, Z'-mediated decays into v,e*e™, and
vautu~ if kinematically allowed, could dominate even for
tiny values of x?. For instance, for the circle BP, y? as low as
10~® would make the above decays the main channels.
Pseudoscalar final states are suppressed due to the vector
nature of the Z’. The scalar portal is expected to give

subdominant contributions due to the small Higgs-electron
Yukawa coupling, although decay chains with intermediate
v, states may become relevant. Finally, cosmological bounds
on heavy neutrino in the 10 MeV-GeV scale may be
weakened as they would decay well before big bang
nucleosynthesis [54] (see also the discussion in Ref. [55]).

We have focused on the mixing with muon neutrinos as
these provide one of the most sensitive avenue to test the
model. In the electron sector, direct bounds on the active-
heavy mixing are similar, with peak searches from z*
decay being most relevant below ~100 MeV. For cases
with large LNV, heavy neutrinos can dominate neutrinoless
double beta decay [27], and this sets the strongest con-
straints in the parameter space. The tau sector is relatively
poorly constrained, so greater freedom exists if such entries
are relevant for neutrino mass generation.

V. CONCLUSIONS

We have considered a recently proposed model which
invokes the existence of a dark neutrino sector and a new
hidden gauge symmetry, focusing on the generation of
neutrino masses in this context. The presence of a hidden
broken gauge symmetry protects the neutrino mass matrix,
leading to a minimal ISS-like structure, and allows for one-
loop diagrams involving the new vector and scalar content to
generate the correct neutrino masses. Searches for the neutrino
mass generation in our model are possible via conventional
heavy neutral lepton searches, as well as through exotic
signatures arising from the interplay of portal couplings.
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