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Abstract Recent observations suggest that the number of
relativistic degrees of freedom in the early universe might
exceed what is predicted in the standard cosmological model.
If even a small, percent-level fraction of dark matter particles
are produced relativistically, they could mimic the effect of
an extra realistic species at matter–radiation equality while
obeying BBN, CMB and Structure Formation bounds. We
show that this scenario is quite naturally realized with a weak-
scale dark matter particle and a high-scale “mother” particle
within a well-motivated 3-3-1 gauge model, which is par-
ticularly interesting for being consistent with electroweak
precision measurements, with recent LHC results, and for
offering a convincing explanation for the number of genera-
tions in the Standard Model.

1 Introduction

Dark Matter is compelling evidence for new physics beyond
the Standard Model. Observations from a variety of experi-
ments and physical scales have by now conclusively estab-
lished the existence of dark matter. Although most of the
dark matter must be non-relativistic (or “cold”) to satisfy
observations of how structures form in the universe, in the
last few years intriguing evidence for the existence of addi-
tional relativistic degrees of freedom in the early universe
has started to accumulate. Albeit so that in no sense is the
�CDM paradigm being conclusively challenged, the ques-
tion of how new physics could accommodate these extra rel-
ativistic degrees of freedom is by all means intriguing.

The Planck Collaboration has recently reported their accu-
rate measurements of the power spectrum of the cosmic
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microwave background radiation (CMB) [1]. The collabora-
tion claimed no evidence for an extra radiation component,
which is usually interpreted in terms of the number of rela-
tivistic species (Neff ) at the decoupling of the CMB. Indeed,

Planck has reported Neff = 3.36+0.68
−0.64 at 95% C.L together

with a fairly low value for the expansion rate of the universe
today, H0 = (67.3 ± 1.2) km s−1 Mpc−1 [1]. Nevertheless,
it has been pointed out by the Planck Collaboration that two
recent observations of Cepheid variables by the Hubble Space
Telescope (HST) yielded H0 = (73.8 ± 2.4) km s−1 Mpc−1,
which is 2.5σ discrepant from the Planck value [2]. Since
Neff and H0 are positively correlated, a larger value for
H0 implies an increase in Neff . In fact, the Planck Col-

laboration has obtained Neff = 3.62+0.50
−0.48 when the larger

value for H0 is incorporated in the Planck data. Further-
more, when Baryon Acoustic Oscillation (BAO) data are

taken into account, a similar value of Neff = 3.54+0.48
−0.45 has

been found.
It is important to notice that, at present, measurements

of Neff are in agreement with each other at the 1σ level.
The tension between direct H0 measurements and the CMB
and BAO data based on the standard �CDM paradigm can
be relieved at the cost of additional neutrino-like species,
as explicitly pointed out by the Planck Collaboration [1].
Additionally, a recent analysis has been performed point-
ing to evidence for dark radiation in the Planck data at
95% C.L, if one takes into account at the same time
observations of the CMB large angular scale polariza-
tion from WMAP9 [3]. Besides analyses including Planck
data, recent studies involving the South Pole Telescope
and ATACAMA telescope find evidence for Neff > 3.04
when data from different searches are taken into account
[4–7].

In the present study, we seek to account for the tentative
dark radiation component via partial nonthermal production
of dark matter, which has been extensively investigated in the
literature [8–12], but just recently has arisen as an interest-
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ing scenario to reproduce the measured number of effective
neutrinos [13,14]. In particular, Ref. [14] has shown with
a model-independent approach that when a heavy particle
decays into a WIMP-photon pair (where WIMP indicates a
generic Weakly Interacting Massive Particle), the relativis-
tic state for the nonthermally produced WIMPs could mimic
the effect of one neutrino species at matter–radiation equality
while evading Big Bang Nucleosynthesis (BBN) and struc-
ture formation bounds.

Recent examples of explicit realizations of the non-
thermal, relativistic WIMP scenario for the “dark radia-
tion” include effective theories as well as a supersymmet-
ric construction and many other models [15–22]. Here, we
show that such a scenario may also arise with a weak-
scale WIMP in the context of a non-supersymmetric 3-3-
1 model, an electroweak extension of the Standard Model
(SM) featuring a gauge group SU (3)c ⊗ SU (3)L ⊗ U (1)N .
This model is a compelling alternative to the SM with a
smoking gun signature given by the presence of charged
gauge bosons and scalars, as well as a spectrum of par-
ticles whose phenomenological aspects have been investi-
gated extensively [23–31]. This model is also consistent with
all electroweak bounds, while offering plausible explana-
tions to many open problems in particle physics, such as
dark matter [32–34] and the number of particle generations
[35].

In the 3-3-1 model we consider here, the dark matter
particle is dominantly a thermally produced WIMP, which
arises in the early universe via the standard thermal freeze-
out picture, or “WIMP miracle”. However, some fraction
of the abundance of the dark matter particle has a nonther-
mal origin due to the decay of a right-handed singlet neu-
trino, NR , which decays into WIMP-neutrino pairs, sim-
ilar to the gravitino–sneutrino setup of certain supersym-
metric models [36–38]. We also comment here on pos-
sible constraints on the injection of high energy neutri-
nos at early stages of the universe [39–43], and show
that in our framework this is not a concern. Lastly, we
show that the nonthermal production process we invoke
within our model is able to simultaneously reproduce
the number of effective neutrinos measured by Planck
and evade bounds from BBN, CMB and structure forma-
tion.

This study is organized as follows: in the next section we
review the notion that WIMPs produced in a relativistic state
can act effectively as “dark radiation”; in the following sec-
tion III we outline the particular particle physics setup we
will hone in for the present analysis: the 3-3-1LHN model;
section IV describes in general how dark radiation is real-
ized in the context of 3-3-1LHN models, while section V
examines in detail the relevant parameter space. Section VI,
finally, summarizes and concludes.

2 Dark matter particles as dark radiation

In the standard �CDM picture, dark matter particles are non-
relativistic at the time of structure formation. Nevertheless,
if a fraction of the dark matter particles were produced with
large enough kinetic energies, they would effectively behave
as radiation, with their energy density being redshifted away
until matter–radiation equality, i.e., quite similar to SM neu-
trinos. In order to determine the fraction and energy density of
the nonthermally produced dark matter particles allowed by
BBN and structure formation bounds, we remind the reader
that at matter–radiation equality the energy density of one
neutrino species is equal to 16% of the total dark matter den-
sity. Hence, if all the dark matter particles had an increase of
16% in their boost factor, at matter–radiation equality, this
would produce the same effect as one additional neutrino
species. Of course this scenario where 100% of the dark mat-
ter particles are produced relativistically is completely ruled
out by structure formation. In other words, structure forma-
tion limits the fraction of dark matter particles produced with
a large kinetic energy.

Concrete examples of this mechanism were studied in
Ref. [15] for the case of a heavy particle decaying into
a WIMP-photon pair. It was shown there that for suitable
choices of the lifetime and daughter-to-mother mass ratio,
such a mechanism would provide an interesting alternative
to explain the currently mild evidence for Neff > 3 discussed
above. More interestingly, a setup where some nonthermal
production occurs after BBN is also a plausible explanation
to why BBN and CMB probes indicate different values for the
number of relativistic species (N BBN

eff �= N CMB
eff ). If the decay

of the mother particle happens at a lifetime much greater
than 100 s (BBN epoch) then no extra radiation would have
been present during BBN. However, at the decoupling of the
CMB, which happens at ∼ 1011 s, some dark radiation could
be detected due to the relativistic nature of some fraction of
the dark matter particles. This effect is clearly pointed out in
Figs. 1–2 of Ref. [14].

“WIMPy dark radiation” is thus a potentially successful
explanation to the tentative evidence for additional relativis-
tic degrees of freedom in the early universe. A nonthermal
production setup would be devastating for damping the evo-
lution of structures at small scales, having an impact similar
to hot dark matter if a significant fraction of the dark matter
particles were indeed produced with a large kinetic energy.
Quantitatively, it has been shown that in order to be consis-
tent with structure formation bounds, at most roughly 1%
of all dark matter particles might have had a non-negligible
kinetic energy at matter–radiation equality [14]. Moreover,
BBN bounds are quite stringent as well, imposing limits on
the energy released and on the lifetime of the mother particle.
When the particle produced along with the WIMP interacts
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mostly electromagnetically (such as a photon or electron),
it has been concluded that for lifetimes shorter than 104 s,
BBN bounds are evaded and structure formation limits are
circumvented as long as at most 1% of the dark matter par-
ticles are produced with large kinetic energies (see Fig. 1 of
Ref. [15]).

Turning again our attention to the relation between the
nonthermal production of dark matter particles and the num-
ber of effective neutrinos. In this work we will derive this
relation following closely the procedure in Ref. [15]. There,
in the scenario where some fraction ( f ) of the dark mat-
ter particles are produced along with neutrinos via general
decay, X ′ → WIMP + ν, the dark radiation mimicked by
those dark matter particles at the matter radiation equality
reads,

�Neff � 4.87 × 10−3
( τ

106 s

)1/2

×
[(

MX ′

2Mwimp
+ Mwimp

2MX ′
− 1

)]
× f. (1)

However, this equation is valid only in the ultra-relativistic
limit and 10% error is generated compared to the fully rela-
tivistic equation. This error is due to an approximation used
in the boost factor. In general, the boost factor of the dark
matter particles at given time is given by

γ 2
DM =

(aτ

a

)2 (
(γ τ

DM)2 − 1
)

+ 1. (2)

where

γ τ
DM =

(
MX ′

2MDM
+ MDM

2MX ′

)
. (3)

which is the boost factor at the decay, and aτ /aeq = 7.8 ×
10−4(τ/106 s)1/2.

Therefore using the fact that �Neff = f (γDM − 1) /0.16,
we get

�Neff

= f

0.16

[(√
7.82 × 10−8

( τ

106 s

) (
(γ τ

DM)2
) + 1

)
− 1

]
.

(4)

in the limit that γ τ
DM � 1.

In summary, Eq. (4) determines the number of effective
neutrino mimicked by the nonthermal production of dark
matter particles and we will be using Eq. (4) throughout the
paper.

In Fig. 1 we show contours for �Neff in the τ ×
MX ′/Mwimp parameter space where �Neff ≤ 0.1 (blue),
0.1 ≤ �Neff ≤ 0.5 (green), �Neff ≥ 0.5 (pink). It is impor-
tant to emphasize that Eq. (1) does not depend on the nature
of the particles involved and therefore it is valid for any decay

Fig. 1 Region of the parameter space lifetime (τ ) × mass ratio
(MX ′/Mwimp) which reproduces �Neff ≤ 0.1 (blue), 0.1 ≤ �Neff ≤
0.5 (green), �Neff ≥ 0.5 (pink)

mode, as long as the mass of the mother particle is signifi-
cantly heavier than the mass of the decay products, and of the
stable WIMP in particular. Therefore, in principle, any parti-
cle physics model that contains a long-lived particle decay-
ing into dark matter particles after WIMP freeze-out might
induce �Neff �= 0. Furthermore, Eq. (1) shows that if 1% of
the whole dark matter of the universe was produced by the
decay of a heavy particle with a lifetime equal or shorter than
τ = 104 s one needs to have a mass, for the heavy mother
particle such that

MX ′

Mwimp
� 4 × 105 �Neff , (5)

in agreement with [14–22].
This implies, in particular, that in order to explain the

Planck result of �Neff � 0.62 when including the direct
measurements of H0 from HST, we need MX ′/Mwimp >

2.5 × 105. In other words, the mother particle must be sig-
nificantly heavier than its decay products. It is worth reiter-
ating that, in this framework, the majority of the dark matter
particles would still have to be produced as cold, i.e. non-
relativistic particles, presumably with a thermal cross sec-
tion at the electroweak scale providing the right thermal relic
abundance. Our goal here is to investigate if this scenario is
feasible in a well-motivated electroweak gauge group exten-
sion of the SM named 3-3-1LHN which we briefly introduce
below.

3 The 3-3-1LHN model

3-3-1 models refer to electroweak extensions of the SM gauge
group based on the enlarged gauge group SU (3)c⊗SU (3)L⊗
U (1)N lying at∼TeV scale. 3-3-1 models potentially address
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important theoretical and phenomenological questions which
remain unexplained within the SM, such as the number of
particle families [35], certain dark matter signals [32,33], the
possible Higgs to diphoton excess [23–25], electric charge
quantization [44,45], etc. In addition, 3-3-1 models present a
rich phenomenology which includes new scalars and gauge
bosons, as extensively explored in the literature [26–31]. For
these and many other reasons, 3-3-1 models stand as com-
pelling alternatives to the SM. It is worth also to remark
that interesting proposals have been put forth recently con-
cerning dark matter in 3-3-1 gauge symmetries; see, e.g.,
Refs. [46,47]. Here, however, we focus on a version of this
class of models we indicate as 3-3-1LHN [48–51], which
has two noticeable distinct features compared to previous
versions [35,52,53]:

(1) the presence of neutral fermions, NL and NR , and
(2) a scalar field as a dark matter candidate.

We briefly introduce the 3-3-1LHN model in the following
sections.

3.1 Particle content

In the 3-3-1LHN model, which has a scale of symme-
try breaking at ∼ 1 TeV, the left-handed standard leptons
and the neutral fermion NL compose a triplet of SU (3)L ,
La = (νaL , laL , NaL)T , while right-handed leptons come
in singlets, ea R , Na R , where the subscript a runs over the
three generations. A key distinction between the model devel-
oped here and the one in Ref. [48–51] is that the extra
neutral fermions, NL ,R do not carry lepton number, elim-
inating the need of any bilepton in the model, as was the
case for the extra quarks, some scalars and gauge bosons
in the previous 331LHN. This is required by the discrete
symmetry that guarantees the stability of our dark matter
candidate. As for the hadronic sector, the first two families
of left-handed fields are arranged in anti-triplet representa-
tions, Qi L = (di L ,−ui L , q ′

i L)T with i = 1, 2, and the third
in a triplet representation, with Q3L = (u3L , d3L , q ′

3L)T .
Concerning right-handed quarks, they are all singlets, with
hyper-charges exactly equal to their electric charges. Notice
that the three quarks (q ′) shown above are new quarks
added to the Standard Model. Three triplets of scalars, χ =
(χ0, χ−, χ ′0)T , ρ = (ρ+, ρ0, ρ′+)T , η = (η0, η−, η′0)T ,
are necessary to induce the proper pattern of symmetry break-
ing after they develop vacuum expectation values (VEVs)
different from zero,

η0, ρ0, χ ′0 → 1√
2
(vη,ρ,χ ′ + Rη,ρ,χ ′ + i Iη,ρ,χ ′), (6)

and then generate, at tree level, masses for all massive parti-
cles in the model. Besides the standard gauge bosons, W ± Z0

and the photon, the model contains five new gauge bosons
indicated as V ± , U 0, U 0† and a Z ′ from the enlarged gauge
group.

3.2 Scalar spectrum and mass eigenstates

We have invoked a R-parity discrete symmetry quite similar
to the one in the minimal supersymmetric standard model
case, which we indicate with P = (−1)3(B−L)+2s , where B
is the baryon number, L is the lepton number and s is spin
of the field. Thus, we have the following assignments of P
carried by the particle content:

(NL , NR , d ′
i , u′

3 , ρ′+ , η′0 , χ0 , χ− , V , U ) → −1.

(7)

where d ′
i and u′

3 are new heavy quarks predicted in the model
due to the enlarged gauge group. The remaining fields all
transforming trivially under this symmetry. The lightest neu-
tral particle odd by R-parity symmetry is, in principle, a
viable dark matter candidate. We will see that it will be a
linear combination of the neutral scalars χ0 and η′0∗ .

We will ignore the charged scalars, gauge bosons, as well
as the heavy quarks in the model, since they do not play any
role throughout this work. They are assumed to be heavy with
their masses proportional to the scale of symmetry breaking
of the model.

The R-parity symmetry allows us to write the most general
scalar potential and Yukawa Lagrangian, respectively, as:

V (η, ρ, χ) = μ2
χχ2 + μ2

ηη
2 + μ2

ρρ2 + λ1χ
4 + λ2η

4

+λ3ρ
4 + λ4(χ

†χ)(η†η) + λ5(χ
†χ)(ρ†ρ)

+λ6(η
†η)(ρ†ρ) + λ7(χ

†η)(η†χ)

+λ8(χ
†ρ)(ρ†χ) + λ9(η

†ρ)(ρ†η)

− f√
2
εi jkηiρ jχk + h.c., (8)

− LY = fi j Q̄i Lχ∗d ′
j R + f33 Q̄3Lχu′

3R + gia Q̄i Lη∗da R

+h3a Q̄3Lηua R + g3a Q̄3Lρda R + hia Q̄i Lρ∗ua R

+Gab f̄aLρebR + g′
ab f̄aLχ NbR + M

2
¯N c
bR NbR

+h.c.. (9)

The masses of the new neutral fermions are given by the last
two terms of Eq. (9). Without the last term those particles
would have Dirac masses at the TeV scale. However, with the
inclusion of the last Majorana mass term, one obtains masses
set by a seesaw type I mechanism which can be much larger
than the TeV scale, as needed to obtain a large daughter-to-
mother mass ratio. We stress here that the role played by these
new neutral fermions are twofold: to give rise to a seesaw
mechanism and to generate the nonthermal production of
dark matter. Hence NR’s are heavy particles which decouple
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from the rest of the 3-3-1 particle spectrum. In this case, this
mass term does not affect the stability of our WIMP. We call
attention to the fact that another difference among this model
and the one in Ref. [33] is the bare mass terms for the NR’s.

The Yukawa interactions of Eq. (9) above provide Dirac
mass terms for all charged fermions in the 3-3-1LHN. The
standard neutrinos, νL ’s, gain Majorana mass terms through
effective operators, as described in Ref. [54]. On the other
hand, the heavy neutral fermions, NL ,R’s, acquire Majo-
rana mass terms through a kind of type I seesaw mechanism
engendered by the two last terms in the Yukawa interactions
as described below.

To understand the seesaw mechanism, notice that the last
two terms in Eq. (9) give rise to the following mass matrix
in the basis (NL , N C

R ):

(
0 m D

m D M

)
, (10)

where m D = g′
abvχ ′ , NL = (N1L , N2L , N3L) and N C

R =
(N C

1R , N C
2R , N C

3R). Diagonalizing the matrix above gives

N ′
L = NL + m D

M
N c

R and N ′
R = NR + m D

M
N c

L , (11)

with

MN ′
L

= m2
D

M
and MN ′

R
= M. (12)

Therefore in the limit M � m D , which is required in

our setup, we find N ′
L � NL and N ′

R � NR with mass
m2

D
M

and M , respectively. For the sake of simplicity, we assume
throughout this work that MD and M are diagonal. Such
mixing among the heavy fermions NL and NR gives rise to
an interaction g′ m D

M ν̄LφN ′C
L which will not affect the WIMP

stability as long as φ is assumed to be the lightest particle in
the spectrum, as we enforce here to be the case. This condition
will turn out to be rather restrictive to our model as we will
see in Figs. 5, 6, and 7.

Concerning the scalar mass spectrum of the 3-3-1LHN,
our model supplements the SM by adding two CP-even
scalars, S1 and S2, with masses given by

MS1 =
√

v2

4
+ 2λ1v

2
χ ′ ,

MS2 =
√

1

2

(
v2
χ ′ + 2v2(2λ2 − λ6)

)
,

(13)

while the standard Higgs, H , has mass given by MH =√
3λ2v, where v2

η +v2
ρ = v2 = (246 GeV)2 (in this work we

assume vη = vρ). The corresponding eigenstates are given
by

S1 = Rχ ′ , S2 = (Rη − Rρ)√
2

, H = (Rη + Rρ)√
2

. (14)

The model also features a CP-odd scalar with mass given

by MP1 =
√

1
2 (v2

χ ′ + v2

2 ), and a complex neutral scalar,
which is the WIMP candidate we consider here and which
we indicate with the symbol φ, with φ ≈ v/vχ ′ χ0� + η′0,
featuring a mass

Mwimp =
√

(λ7 + 1
2 )

2
[v2 + v2

χ ′ ]. (15)

The scalar φ will be chosen as the lightest odd R-parity
particle. Thus it is the cold dark matter particle in the present
setup. As shown in Ref. [60] (see in particular Fig. 3), such
particle can naturally provide the correct relic abundance
and be consistent with current direct detection bounds [60].
Additionally, the φ particle can also in principle explain the
gamma-ray excess in the Galactic Center observed in the
Fermi-LAT satellite data [55–59]. This scalar is a WIMP,
whose relic abundance is mainly thermally produced in the
early universe via interactions with SM particles. It is impor-
tant to stress that φ has also a nonthermal component, how-
ever, because the heavy fermion NR may decay into φ ν

pairs, as allowed by the last term in the Yukawa interaction
Lagrangian of Eq. (9).

There are two charged scalars in the spectrum (h1 and h2)
with masses linearly proportional to the scale of symmetry
breaking of the model (v′

χ ). These scalars are not relevant
in this work and will be ignored. With respect to the gauge
bosons, the masses of the five extra gauge bosons are given
by

m2
V = m2

U 0 = 1

4
g2(v2

χ ′ + v2),

m2
Z ′ = g2

4(3 − 4s2
W )

[
4c2

W v2
χ ′ + v2

c2
W

+ v2(1 − 2s2
W )2

c2
W

]
,

(16)

where V ± are charged gauge bosons which mimic the cou-
plings of SM gauge boson W, and U 0 is a complex neu-
tral gauge boson. We note that these gauge bosons provide
a smoking gun signature for 3-3-1 models. However, simi-
lar to the aforementioned charged scalars (h1 and h2), these
bosons will not be important in the reasoning developed here
and will thus be ignored hereafter.

To summarize, the 3-3-1LHN model has in its spectrum a
scalar WIMP dark matter candidate, φ, which provides most
of the observed cold dark matter through standard freeze-
out (see Fig. 4 of Ref. [33] and Fig. 1 of Ref. [60]) and a
spin-independent scattering cross section off nuclei consis-
tent with current limits, as well as heavy fermions (NR). The
lightest of these fermions (N1R) will play a major role in our
results as we shall see further, acting as the “mother particle”
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Fig. 2 Annihilation channels that contribute to the abundance of N1R .
φ is the WIMP of our model, h+

1 is a singly charged scalar, and S1 a
CP-even scalar

for the small relativistic population of φ’s responsible for the
dark radiation component.

4 Dark radiation in the 3-3-1LHN model: general
considerations

There are few requirements for the “WIMPy” dark radiation
scenario to be realized in a given particle physics model,
namely:

1. The mass of the mother particle (NR) must be much
greater than the mass of the WIMP (φ), according to
Eq. (5);

2. The lifetime of the mother particle should be shorter than
104 s to circumvent BBN bounds;

3. Just a small fraction (∼ 1% or smaller) of the dark mat-
ter particles (φ) should be produced via this nonthermal
mechanism, in order not to spoil structure formation.

We stated in Eq. (5) MX ′ � 4 × 105 �Neff Mwimp. There-
fore, this nonthermal production mechanism is only able to
mimic the effect of one neutrino species when the mother
particle is much heavier than the WIMP. For instance, for a
100 GeV WIMP, MX ′ ≥ 4×106 for �Neff = 0.1. This large
mass ratio leads to a crucial fact that should be highlighted.
Since the WIMP inherits the abundance of the mother parti-
cle, i.e. �N1R = MN1R /Mwimp�φ , where �φ is the relative
abundance of φ coming from the decay of N1R , we find that1,

�N1R = MN1R /Mwimp · f · �DM. (17)

We can use Eq. (5) to find

�N1R � 4 · 105 �Neff · f · �DM, (18)

The N1R abundance froze out much earlier than the decay.
So �N1R is the abundance of N1R as if it had not decayed. In

1 Equation (17) is valid because we are matching the abundances at the
matter–radiation equality, when the dark matter particles produced rela-
tivistically have become essentially non-relativistic due to the expansion
of the Universe.

Fig. 2 we show the Feynman diagrams that contribute to the
abundance of N1R , which was computed using Micromegas
[61–63]. Its abundance scales with g′−4

11 . Therefore as we
decrease the g′

11 coupling the abundance goes up quickly
and an entropy dilution mechanism that we will discuss fur-
ther will be needed, in order not to overproduce nonthermal
WIMPs. Taking �Neff = 0.1, f = 0.01 and �DM ∼ 0.23
we find that �N1R � 103. In other words the abundance has
to be much greater than one at decay. This is an important
point because when we later compute the abundance of the
mother particle as a function of its mass and of the coupling
g′

11 using the Micromegas package [61–63], we will be able
to directly reconstruct the mass of the WIMP using Eq. (17)
once we fix f = 0.01 and �DM ∼ 0.23, and then check
what is the associated number of effective neutrinos induced
by the chosen setup, as will be shown in Figs. 5, 6, and 7.

The dark radiation model studied here has no effect on
the abundance and spin-independent cross section of the
WIMP, because the only parameter involved in both is the
mass of the WIMP. Hence the dark radiation setup can be
investigated in parallel with no prejudice concerning the
WIMP miracle, which can be realized for a wide range of
WIMP masses, as shown in [32,33]. However, if there is a
long-lived particle that decays after the WIMP freezes-out,
which happens at temperatures of Mwimp/20 (10−8 s for a
100 GeV WIMP), some small fraction of the dark matter
particles will be nonthermally produced and might behave
as “dark radiation”. As long as this fraction is small, of order
of 1% or less, this nonthermal production mechanism is com-
pletely consistent with structure formation bounds, as shown
in Refs. [14,15].

We would like to point out that in the limit of large hierar-
chy, the Lorentz factor for the dark matter daughter particle
is γ ∼ MX ′/MDM and this Lorentz factor is suppressed by,
approximately, aeq/aτ ∼ 104(τ/104s), thus it is not incon-
ceivable that for the largest lifetimes and mass ratios the dark
matter be relativistic at matter–radiation equality. However,
unlike what originally put in the manuscript, we use Eq. (14)
at late times for the purpose of matching the dark matter
abundance observed today, and not at matter–radiation equal-
ity.

The BBN constraint on the lifetime of the mother par-
ticle in general depends on what is produced in the final
state, the total energy injected and the branching ratio.
Here we have neutrinos in the final states, therefore one
might expect weaker constraints as oppose to the pure
electromagnetic case which requires the lifetime to be
shorter than 104 s. Nevertheless, 3- and 4-body hadronic
decays might be induced with smaller branching ratios as
described in Refs. [39–43]. In particular, the latter bounds
depend on the injected energy and the branching ratio into
hadronic states. In this work, we are being conservative
and for this reason we assumed use the limit obtained
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Fig. 3 Region of the parameter space M × g′
11 allowed by BBN (τ ≤

104 s) and with decay that occurs after the WIMP freeze-out (τ ≥
10−8 s) for v′

χ = 1 TeV is shown in green

when we have a photon in the final state. In this work
we were trying to investigate the validity of this dark
radiation scenario in this model and we believe that the
derivation of the BBN bounds for neutrinos in the final
states is out of the scope of this work. Therefore in sum-
mary we will assume that the lifetime of the N1R has
to be shorter than 104 s due to BBN constraints. The
most important parameters which control the lifetime of
this heavy fermion are the scale of symmetry breaking
of this model, its mass, and the Yukawa coupling, g′

11.
Therefore, it is important to compute the partial width to
the dominant decay mode N1R → WIMP + νe, which
reads

�(N1R → WIMP + νe) = λ2

64π

(
M

1 GeV

) (
1 − M2

φ

M2

)2

,

(19)

where λ = g′
11v/vχ ′ and M is the seesaw scale. The lifetime

in this case is given by

τ �
(

5 × 10−5 s
)(

10−3

g′
11

)2 ( vχ ′

103 GeV

)2
(

1012 GeV

M

)
.

(20)

From Eq. (20) we notice that there will be a very wide
range of Yukawa couplings (g′

11) that produce lifetimes in
the range allowed by BBN (τ ≤ 104 s) and with decays that
occur after the WIMP freeze-out (τ ≥ 10−8 s). In Fig. 3 we
show in green the region of the parameter space M × g′

11
allowed, for v′

χ = 1 TeV.
We can substitute the two expressions for the lifetime

given in Eq. (20) into Eq. (1) to eliminate one of the free
parameters. For example, if we eliminate the heavy fermion
mass we find the following expression for the WIMP mass:

Fig. 4 The allowed ranges in the g′
11, f plane with lifetimes in the

correct ranges are again shown in green for MWIMP = 100 GeV, v′
χ =

1 TeV and �Neff = 0.5

Mwimp ≤ 100 GeV ×
(

10−13

g′
11

) (
v′
χ

103 GeV

)1/2

×
(

M

2 × 108 GeV

)1/2 (
f

0.01

)(
0.5

�Neff

)
.

(21)

The required range for the lifetime produces the allowed
region in the g′

11, f plane we show in Fig. 4. In this case,
we have chosen Mwimp = 100 GeV, v′

χ = 1 TeV and
�Neff = 0.5. We thus find a very wide range of param-
eters which can in principle reproduce �Neff = 0.5 with
a 100 GeV WIMP. In other words, a 100 GeV WIMP is
perfectly capable of mimicking the additional effective half
neutrino species in the early Universe. As a side comment,
we also notice that as the fraction of dark matter particles
that are produced nonthermally is decreased, the amount
of fine-tuning required in the Yukawa coupling rapidly
increases.

5 A WIMPy dark radiation 3-3-1 model

The parameter space of the theory under consideration can
be cast as the choice of the masses for the daughter parti-
cle Mwimp, of the mother particle MN1R and of the coupling
constant g′

11, which sets the relevant thermal relic densities.
To illustrate the range of viable parameter space where we
satisfy all of the constraints outlined above and produce an
effective enhancement of the relativistic degrees of freedom
�Neff ∼ 0.1, we study the mother–daughter particle mass
plane (MN1, Mwimp) for fixed values of the coupling g′

11
(respectively g′

11 = 1 with v′
χ = 1 TeV in Fig. 5, g′

11 = 1
with v′

χ = 10 TeV in Fig. 6, g′
11 = 10−1 with v′

χ = 1 TeV
and lastly g′

11 = 10−1 with v′
χ = 10 TeV in Fig. 7.

For each (MN1R , Mwimp) pair we enforce that the mass
fraction of dark matter produced in a relativistic state from
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τ = 10-4 sτ = 10-2 sτ = 1 s
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im

p
 (G
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ΔNe  = 0.3
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Fig. 5 The “mother–daughter” particle mass parameter space, for
g′

11 = 1. The red shaded region induces the WIMP decay. The ver-
tical lines indicate constant values of the mother particle lifetime. The
diagonal lines indicate the induced variation in the number of effective
relativistic degrees of freedom �Neff and the entropy dilution factor �

needed to suppress the mother particle relic density. The cyan � = 1
line corresponds to standard cosmology without any entropy dilution
needed

τ = 10-6 sτ = 10-4 sτ = 10-2 s

M
w

im
p
 (

G
eV

)

100
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102
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Δ  = 10 4
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ΔNe ff

ff

ff

 = 0.1
ΔNe  = 0.3
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Fig. 6 The “mother–daughter” particle mass parameter space, for
g′

11 = 1. The red shaded region induces the WIMP decay. The ver-
tical lines indicate constant values of the mother particle lifetime. The
diagonal lines indicate the induced variation in the number of effective
relativistic degrees of freedom �Neff and the entropy dilution factor �

needed to suppress the mother particle relic density. The cyan � = 1
line corresponds to standard cosmology without any entropy dilution
needed

the decays of N1 be exactly f = 0.01. Given the thermal
relic density as calculated within a standard cosmological
setup, the abundance of N1 is typically too large to only pro-
duce 1% of the WIMP density. As a result, across most of the
parameter space, and especially for small values of g′

11 we
postulate that an entropy injection episode occurred between

the relatively high temperature at which the N1 froze out and
the time of decay (the latter is indicated by vertical lines in
the figures). Even though we could have constructed explicit
reheating scenarios that could accomplish this, we decided
to take a model-independent view, and we phenomenologi-
cally parametrize the effect of the entropy injection episode
by means of a dilution factor �. In other words, the stan-
dard thermal relic density �N1 → �N1/� as a result of
the larger entropy density. � = 1 reproduces the standard
cosmological model.

A value of � < 1 indicates that the N1 relic density is too
small to provide enough relativistic WIMPs. In this case,
one could also postulate cosmologies where the standard
thermal relic density is affected and, in particular, enhanced
with respect to the standard calculation. Example scenar-
ios include partial nonthermal production for the N1 them-
selves, or a modified Hubble expansion rate H ∼ T 2+α with
α > 0 (for example, in the kination-dominated phase of cer-
tain quintessence models, α = 1 [64] with large potential
enhancements of the thermal relic density [65]). We typi-
cally find, however, that across most of the parameter space
� � 1.

Figures 5 and 6 show the mother–daughter parameter
space for a relatively large coupling g′

11 = 1. In Fig. 5 we
used v′

χ = 1 TeV whereas in Fig. 6 v′
χ = 10 TeV. The param-

eter space delimited by the red shaded region in all figures
induce the WIMP decay.

For a fixed g′
11, this decay might be prevented by increas-

ing the mass of NL , i.e. the value of v′
χ . For the same rea-

son Fig. 6 has a larger parameter space that does induce
the decay of the WIMP. In Fig. 5 we find a line across
the parameter space where all of the constraints are satis-
fied, and where �Neff = 0.1 in a standard cosmology for
WIMP masses in the range between a few GeV and a few
tens of GeV, and for N1 masses between 10 and 100 TeV.
Larger N1 masses require increasingly larger entropy sup-
pression factors �, and larger WIMP masses to obtain the
desired enhancement to �Neff . Notice in Fig. 6 that when
we increase the scale of symmetry breaking larger masses
are allowed, but greater entropy suppressions are required
though.

In Fig. 7 we illustrate the situation for smaller val-
ues of g′

11 = 10−1 with v′
χ = 1 TeV (left panel) and

v′
χ = 10 TeV (right panel). From the left panel of Fig. 7

we can see that this dark radiation scenario is excluded
because the parameter space that mimics the number of effec-
tive neutrinos induces the WIMP decay. However, increas-
ing the scale of symmetry breaking up to 10 TeV a viable
region opens up that is able to reproduce the measured
value �Neff ∼ 0.1–0.5 while evading all constraints. If
we had used smaller values for g′

11 instead, entropy sup-
pression factors would have been significantly larger, rang-
ing from 106 all the way up to 1016, but such smaller cou-
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Fig. 7 As in Figs. 5 and 6, but for g′
11 = 10−1 with v′

χ = 1 TeV (left panel) and v′
χ = 10 TeV (right panel). The red shaded region induces the

WIMP decay

plings are rather disfavored because they induce the WIMP
decay.

6 Conclusions

It has been proposed recently in the literature that some frac-
tion of the dark matter particles produced nonthermally could
mimic the effect of additional relativistic neutrino species.
In Sect. 4 we examined the conditions which any particle
physics model should satisfy in order to offer a plausible way
to reproduce �Neff through this nonthermal WIMP setup,
namely: (i) the mass of the mother particle should be much
larger than the decay products; (ii) the lifetime should be
smaller than 104 s or so, but longer than the epoch of WIMP
freeze-out; (iii) just a small fraction (∼ 1% or smaller) of the
WIMP should be produced with large kinetic energies. In this
work we have investigated if this dark radiation scenario with
100 GeV WIMPs is plausible as an electroweak extension of
the Standard Model that has SU (3)L triplets of scalars in its
particle content. In our model the mass of the mother parti-
cle is determined by a seesaw mechanism with a high-scale
Majorana mass term unrelated to the weak scale, while the
mass of the WIMP is set by the scale of symmetry break-
ing of the model. This means that the huge mass splitting
required for this mechanism to work can easily be achieved.
We found that in the model under investigation a very wide
range of parameters are capable of producing �Neff � 0.5
with a 100 GeV WIMP while still obeying BBN and structure
formation bounds.
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