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Provided the dark sector consisted of a dark scalar ϕ and a dark fermion χ under an exact Z2 symmetry,
the sterile neutrino N can act as the messenger between the dark sector and standard model via the Yukawa
coupling λdsχ̄ϕN. In this paper, we focus on the specific scenario mN > mϕ þmχ with χ being a feebly
interacting massive particle (FIMP) dark matter. The decay width of dark scalar ϕ is doubly suppressed by
the smallness of Yukawa coupling λds and mixing angle θ. The delayed decay ϕ → χν will have a great
impact on cosmological observables such as the big bang nucleosynthesis, the cosmic microwave
background anisotropy power spectra, the effective number of relativistic neutrino species Neff and the
energetic neutrino flux. Meanwhile, the sterile neutrino can generate displaced vertex signature at colliders
when mN < mW . The dark scalar ϕ will also induce measurable Higgs invisible decay for relatively large
quartic coupling. A comprehensive analysis of constraints from cosmology and collider is performed in this
paper. We find that almost the whole parameter space with mN < mW is under the reach of future
experiments.
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I. INTRODUCTION

The origin of tiny neutrino mass and the existence of
particle dark matter (DM) are the two concrete pieces of
evidence for new physics beyond the standard model.
Appealing pathways that connected these two parts
together have been extensively studied in Refs. [1–5].
The most economical way to explain the tiny neutrino mass
is by introducing sterile neutrino N [6,7]. Although a quite
high scale N (mN ≳ 109 GeV) is required by type-I seesaw
and leptogenesis [8], light sterile neutrino in the range of
eV to TeV scale is also well studied [9–11].
A light sterile neutrino could be directly produced at

colliders [12–14], which will lead to the distinct lepton
number violation signature [15]. Meanwhile, if sterile
neutrino N is lighter than W boson, the decay width of
sterile neutrino ΓN is suppressed by the three-body phase
space. Then N becomes long-lived and leads to the
displaced vertex signature [16,17]. This signature is very
promising to probe the mixing angle θ between the light
and sterile neutrinos at present and future colliders [11].

Thus we focus on light sterile neutrino above the GeV scale
in this paper.
Recently, the sterile neutrino N as a portal to the dark

sector via the Yukawa coupling λdsχ̄ϕN is receiving increas-
ing interest [18–25]. In this paper, we consider the fermion
singlet χ as dark matter. For a sizable coupling λds, the
secluded channel χ̄χ → NN is important to obtain correct
relic density, which is also observable at indirect detection
experiments [26–28]. The DM-nucleon scattering cross
section is one-loop suppressed, thus is easy to escape the
tight direct detection limits. On the other hand, correct relic
density can also be obtained for tiny via the freeze-in
mechanism [29–33]. Although the DM χ is hard to detect
at canonical direct and indirect detection experiments, the
delayed decay of dark scalarϕ into light neutrinoswill affect
the big bang nucleosynthesis (BBN) predictions, the cosmic
microwave background (CMB) anisotropy power spectra,
the effective number of relativistic neutrino speciesNeff and
the energetic neutrino spectra observed today [34–38].
Provided the mass spectrum mN > mϕ þmχ , then the

FIMP DM χ is produced from the out-of-equilibrium decay
N → χϕ [39]. Due to mixing between the light and sterile
neutrinos, the dark scalar ϕ further decays via ϕ → χν. The
decay width of dark scalar Γϕ ≃ λ2dsθ

2mϕ=8π is heavily
suppressed by the smallness of λds and θ, therefore ϕ is a
long-lived particle. For instance, with λds ∼ 10−11, θ ∼ 10−7,
andmϕ∼103 GeV, we have the lifetime τϕ¼1=Γϕ∼1010 s.
Such a long lifetime conflicts with constraints from CMB
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and BBN [40]. One possible way to avoid the cosmological
constraints is making ϕ a decaying DM via even smaller λds
or θ [41]. Another pathway is assuming mϕ lighter than
200 GeV, so that the fraction of electromagnetic energy
injected into the plasma is tiny.
In this paper, we perform a comprehensive analysis of

freeze-in sterile neutrino portal dark matter under con-
straints from cosmology and colliders. We focus on the
specific scenario mN > mϕ þmχ , which leads to N → χϕ
followed by the delayed decay ϕ → χν. Since the Yukawa
coupling λds is determined by relic density, the mixing
angle θ plays an important role in the detection of this
model. For a relatively larger mixing angle θ, displaced
vertex signature from sterile neutrinoN decay is observable
at colliders. On the other hand, a relatively smaller mixing
angle θ leads to the dark scalar ϕ long-lived, which has a
great impact on cosmological observable. Therefore, com-
plementary constraints are expected from cosmology and
colliders.
The structure of this paper is organized as follows. In

Sec. II, we briefly introduce the sterile neutrino portal DM
model. The calculation of DM relic density is discussed in
Sec. III. Cosmological constraints from CMB, BBN, Neff
and neutrino flux on the long-lived dark scalar ϕ are
considered in Sec. IV. Then we discuss the collider
signatures as displaced vertex and Higgs invisible decay
in Sec. V. A scanning of the parameter space under
combined constraints from cosmology and collider is
performed in Sec. VI. Finally, we summarize our results
in Sec. VII

II. THE MODEL

We consider a simple extension of the SM with sterile
neutrino N and a dark sector. Besides providing masses for
SM neutrinos through the type-I seesaw mechanism, the
sterile neutrino N also interacts with particles in the dark
sector to ensure the production of DM. One scalar singlet ϕ
and one fermion singlet χ are presumed in the dark sector,
which is charged under the Z2 symmetry. In this paper, we
assume mχ < mϕ, so that the DM candidate is the fermion
singlet χ.
The corresponding scalar potential with unbroken Z2

symmetry could be denoted as

V ¼−μ2ΦΦ†Φþμ2ϕ
2
ϕ2þ λ1

2
ðΦ†ΦÞ2þ λ2

4
ϕ4þ λ3ϕ

2ðΦ†ΦÞ;
ð1Þ

where Φ is the standard Higgs doublet. After the sponta-
neous symmetry breaking, we have one physical Higgs
boson h and one dark scalar ϕ with mass m2

ϕ ¼ μ2ϕ þ λ3v2.
Due to the introduction of new particles, the new Yukawa
interaction and mass terms can be written as

−LY ⊃ yL̄ Φ̃N þ λdsχ̄ϕN þ 1

2
NcmNN þmχχχ þ H:c:;

ð2Þ

where Φ̃ ¼ iσ2Φ�. In this paper, we assume λds ≪ 1 to
make χ a FIMP dark matter. The resulting light neutrino
mass is

mν ¼ −
v2

2
ym−1

N yT: ð3Þ

In principle, the mixing angle between the light and sterile
neutrino can be quantified as

θ ¼ yvffiffiffi
2

p
mN

∼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mν=mN

p
: ð4Þ

Typically, the mixing angle θ ∼ 10−6 is predicted by the
seesaw relation with mν ∼ 0.1 eV and mN ∼ 100 GeV.
Such a small mixing angle is beyond the reach of future
colliders [11]. In this paper, we take θ as a free parameter.
Large mixing angle is possible in low scale models, such as
inverse seesaw [42,43] and linear seesaw [44–46].

III. RELIC DENSITY

In this paper, we focus on the specific scenario
mN > mϕ þmχ . As the FIMP DM candidate, the produc-
tion of fermion χ is through the direct decay N → χϕ
followed by the delayed decay ϕ → χν. For the dark scalar
ϕ, additional contributions should be considered due to the
Higgs portal interaction λ3ϕ

2ðΦ†ΦÞ. For large enough λ3,
the abundance of dark scalar Yϕ is dominantly determined
by the annihilation process ϕϕ → SM via the freeze-out
mechanism. On the other hand, a tiny λ3 will lead to an
additional contribution of Yϕ by the process SM → ϕϕ via
the freeze-in mechanism. Both the weakly interacting
massive particle (WIMP) and FIMP scalar scenarios will
be considered in this paper.
The Boltzmann equations describing the evolution of

dark sector abundances are

dYϕ

dz
¼ k⋆zΓ̃N→ϕχ

�
Yeq
N −

Yeq
N

Yeq
ϕ Y

eq
χ
YϕYχ

�

− k⋆zΓ̃ϕ→χν

�
Yϕ −

Yeq
ϕ

Yeq
χ
Yχ

�

þ k
z2

hσviSM→ϕϕ

�
ðYeq

SMÞ2 −
�
Yeq
SM

Yeq
ϕ

�
2

Y2
ϕ

�
; ð5Þ

dYχ

dz
¼ k⋆zΓ̃N→ϕχ

�
Yeq
N −

Yeq
N

Yeq
ϕ Y

eq
χ
YϕYχ

�

þ k⋆zΓ̃ϕ→χν

�
Yϕ −

Yeq
ϕ

Yeq
χ
Yχ

�
; ð6Þ
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where we use the definition z≡mχ=T, and T is the
temperature. In this paper, we assume that N is less than
100 GeVand in thermal equilibrium invariably via neutrino
oscillation [25] or additional interactions [22]. The param-
eters k and k⋆ are denoted as k ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

πg⋆=45
p

mχMPl and

k� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
45=4π3g⋆

p
MPl=m2

χ respectively, where g⋆ is the
effective number of degrees of freedom of the relativistic
species and MPl ¼ 1.2 × 1019 GeV is the Planck mass. In
the above Boltzmann equations, contributions from scatter-
ing processes as ϕϕ → χχ, NN → χχ, NN → ϕϕ, hν →
ϕχ and hN → ϕχ are not considered, since the correspond-
ing cross sections are suppressed [29,30]. We use
micrOMEGAs [47] to calculate the thermal average cross
sections hσvi. The thermal decay width Γ̃i is defined as
ΓiK1=K2 with K1;2 being the first and second modified
Bessel function of the second kind. Corresponding decay

widths are given by

ΓN→ϕχ ¼
λ2ds
16π

ðmN þmχÞ2 −m2
ϕ

m3
N

λ1=2ðm2
N;m

2
ϕ; m

2
χÞ; ð7Þ

Γϕ→χν ¼
λ2dsθ

2mϕ

8π

�
m2

ϕ −m2
χ

m2
ϕ

�2

: ð8Þ

The kinematic function λða; b; cÞ is

λða; b; cÞ ¼ a2 þ b2 þ c2 − 2ab − 2ac − 2bc: ð9Þ

The evolution of dark sector abundances for various
benchmark scenarios is shown in Fig. 1. We fix
mχ ¼ 1 GeV, mϕ ¼ 10 GeV and mN ¼ 50 GeV for illus-
tration. In panel (a) of Fig. 1, we choose λ3 ¼ 1 while

FIG. 1. The evolution of dark sector abundances. The red, blue, and green solid lines represent the evolution of DM χ, and the
corresponding dotted lines express the evolution of dark scalar ϕ. Subfigures (a) and (b) are WIMP scalar scenario with λ3 ∼Oð1Þ.
Subfigure (c) and (d) are FIMP scalar scenario with λ3 ≪ Oð1Þ. The orange horizontal lines are the Planck observed relic density
ΩDMh2 ¼ 0.12 [48] for mDM ¼ 1 GeV. The black dashed lines describe the evolution of Yeq

ϕ .
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varying λds. Such large λ3 leads to Yϕ ∼ 10−12, which is far
below the Planck required value Yχ ≃ 4.4 × 10−10. In this
case, we need DM χ generating from direct decay N → ϕχ
to be the dominant channel with λds ∼ 10−11. It is clear that
varying λds also change the lifetime of ϕ. For the WIMP
scalar scenario, the dark scalar ϕ is produced via freeze-out.
Therefore, the smaller the Higgs portal coupling λ3 is, the
larger the scalar abundance Yϕ will be. Fixing λds ¼ 10−13,
correct relic density is also possible from delayed decay
ϕ → νχ with λ3 ∼ 0.1 as shown in panel (b) of Fig. 1.
For the FIMP scalar scenario, the direct decay N → ϕχ

will result in equal abundances Yϕ ¼ Yχ when λds ≫ λ3 at
the very beginning. Changing λds not only affects the relic
density, but also the lifetime of ϕ. According to panel (c) of
Fig. 1, the correct relic density is obtained with λds ∼ 10−11.
In the opposite case with λ3 ≫ λds, the dark scalar is
dominantly produced from Higgs portal interaction
h → ϕϕ. The delayed decay ϕ → νχ can generate observed
relic density with λ3 ∼ 10−11, which is depicted in panel (d)
of Fig. 1.
In summary, when the direct decay N → ϕχ is the

dominant channel, the coupling λds is fixed by the relic
density. However, when the delayed decay ϕ → νχ is the
dominant one, the relic density of DM χ is actually
determined by the Higgs portal coupling λ3. In this way,
both the WIMP scalar with λ3 ∼Oð10−1Þ and the FIMP
scalar with λ3 ∼Oð10−11Þ are viable. Notably, Yϕ before ϕ
decay in the WIMP scalar scenario can be much smaller
than Yχ for large enough λ3, while it is always larger than
Yχ in the FIMP scalar scenario due to additional contri-
butions from SM → ϕϕ.

IV. DARK SCALAR IN COSMOLOGY

As mentioned above, the long-lived dark scalar ϕ will
decay into DM χ and light neutrino ν. The energetic
neutrino and secondary particles from it lead to observable
signature. In this section, we mainly study constraints from
three aspects: cosmological probes from CMB and BBN,
the effective number of relativistic neutrino speciesNeff and
the energetic neutrino flux observed today.

A. Constraints from CMB and BBN

For the cosmological constraints from CMB and BBN,
we mainly consider the bounds discussed in Ref. [40]. The
neutrinos produced by the delayed decay of dark scalar ϕ
will emit secondary particles which occur in electromag-
netic interactions. This electromagnetic material will affect
electromagnetically cosmological probes, such as CMB
anisotropies, CMB spectral distortions, and BBN photo-
disintegration. These effects are determined by the life-
time of dark scalar τϕ and the fractional abundance
fϕ ≡Ωϕ=Ωχ , where Ωϕ is the abundance that ϕ would
have today if it was not decaying.
In Fig. 2, we show the predicted lifetime τϕ as a function

ofmϕ with corresponding constraints from CMB, BBN and
Neff . Detailed discussion on constraints from Neff will be
presented in the next subsection. In panel (a) of Fig. 2, we
have fixed λds ¼ 10−11, which corresponds to the scenario
when DM is produced from direct decay N → ϕχ. For
mixing angle θ ¼ 10−6, only the region around mϕ ∼
100 GeV is allowed by the current experiment.
Increasing the value of θ will decrease the lifetime τϕ,
thus easier to satisfy experimental limits. For instance, the

(a) (b)

FIG. 2. The predicted lifetime of dark scalar τϕ for some benchmark scenarios. The blue region is excluded by CMB and BBN with
fϕ ¼ 1 [40]. The purple region conflicts with the Neff result by Planck, and the red region is the future reach of the CMB S4 experiment.
(a) λds ¼ 10−11. (b) θ ¼ 10−5.
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allowed region is extended to about 0.3–200 GeV when
θ ¼ 10−5, and the whole mass region above 0.01 GeV is
allowed for θ ¼ 10−4 at present. In the future, the CMB S4
experiment can probe the region below 0.1 GeV for
θ ¼ 10−4. In panel (b) of Fig. 2, we have fixed
θ ¼ 10−5. It is clear that varying λds leads to similar results
as varying θ. That is to say, the larger the coupling λds is,
the smaller the lifetime τϕ is. On the other hand, we have to
keep in mind that a too large coupling λds could lead to the
production of DM over abundance. Notably, a much
heavier dark scalar, e.g., mϕ ≳ 105 GeV with θ ¼ 10−5

and λds ¼ 10−11, is also possible to satisfy experimental
limits. However, the requirement mN > mϕ in this paper
leads the sterile neutrinos far beyond collider search. So we
do not consider this scenario.

B. Constraints from Neff

In our model, the delayed decay ϕ → χνwill increase the
effective number of relativistic neutrino species Neff . The
expression of Neff can be written as:

Neff ¼
7

8

�
11

4

�
4=3
�
ρν
ργ

�
¼ 3

�
11

4

�
4=3
�
Tν

Tγ

�
4

; ð10Þ

where ρν and ργ represent the energy densities of active
neutrinos and photons respectively, Tν and Tγ are their
corresponding temperatures. According to the evolution
equations of Tν and Tγ in SM [49,50], the corresponding
equations that conform to our model are modified as

dTγ

dt
¼ −

4Hργ þ 3Hðρe þ peÞ þ δρνe
δt þ 2

δρνμ
δt − εξEM

ρϕ
τϕ

∂ργ
∂Tγ

þ ∂ρe
∂Tγ

;

ð11Þ

dTν

dt
¼ −HTν þ

δρνe
δt þ 2

δρνμ
δt þ εð1 − ξEMÞ ρϕτϕ

3 ∂ρν
∂Tν

: ð12Þ

Here we assume that three flavor neutrinos have the same
temperature. ργ;e;ν are the energy densities of γ, e and ν. ρϕ
expresses the energy density of ϕ if it does not decay. pe is
the pressure density of e. ε ¼ ðm2

ϕ −m2
χÞ=2m2

ϕ denotes the
fraction of the energy of ϕ that has been transferred to
neutrinos [51]. ξEM represents the energy fraction that the
neutrinos inject into electromagnetic plasma. Provided
mϕ ≲ 100 GeV, vanishing ξEM is assumed in our calcu-
lation [40]. The last neutrino-electron energy density
transfer rate δρν

δt can be obtained in Refs. [49,50].
The results of ΔNeff ¼ Neff − NSM

eff as a function of
cosmic time t are shown in Fig. 3, where NSM

eff ¼ 3.045 is
considered [52–54]. Here we fix mχ ¼ 10 GeV and mϕ ¼
50 GeV for illustration. For fϕ ¼ 1, a lifetime τϕ ¼ 1010 s
has been excluded by Planck measurement. Meanwhile, a
lifetime τϕ ¼ 109 s with fϕ ¼ 1 leads to ΔNeff ¼ 0.12,
which is within the reach of future CMB S4 experi-
ment. And a lifetime down to about 108 s will beyond
the scope of future limit. If fixing τϕ ¼ 109 s, it is clear that
fϕ ¼ 10 predicts a too large value ofΔNeff . To avoid future
CMB S4 limit, we need fϕ ∼Oð0.1Þ with τϕ ¼ 109 s.

(a) (b)

FIG. 3. The evolution of ΔNeff for some benchmark scenarios. The calculations are started at Tγ ¼ Tν ¼ 10 MeV with the
corresponding initial time t0 ¼ 1

2H jT¼10 MeV. The purple and red dashed lines represent the constraints of ΔNeff from current Planck [48]
and future CMB S4 [55], respectively. (a) fϕ ¼ 1. (b) τϕ ¼ 109 s
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Approximately, constraints from Neff are proportional to
the product of τϕ and fϕ. Currently, the Planck result
requires f2ϕτϕ ≲ 5 × 109 s, and the future CMB S4 could
push to f2ϕτϕ ≲ 2.5 × 108 s. The corresponding exclusion
limits are also shown in Fig. 7.

C. Constraints from neutrino flux

The energetic neutrinos induced by the delayed decay of
ϕ might be probed by neutrino experiments. The neutrino
flux at present is calculated as [29],

Φcos ≡ E2
ν
dφ
dEν

¼ Eν

�
nϕ
τϕ

��
e−tðxÞ=τϕ

HðxÞ
�
θ0ðxÞ; ð13Þ

where Eν represents the observed neutrino energy, dφ=dEν

is the predicted neutrino flux, nϕ is the number density of ϕ
if it is stable, θ0ðxÞ is the Heaviside theta function. The
cosmic time tðxÞ at redshift 1þ x and the Hubble parameter
HðxÞ in the standard cosmology are given by

tðxÞ≈ 4

3H0

�
Ω3=2

r

Ω2
m

�

×

 
1−
�
1−

Ωm

2ð1þxÞΩr

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Ωm

ð1þxÞΩr

s !
; ð14Þ

HðxÞ ¼ H0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΩΛ þ ð1þ xÞ3Ωm þ ð1þ xÞ4Ωr

q
; ð15Þ

where x¼E0=Eν−1 with initial energy E0¼ðm2
ϕ−m2

χÞ=
2mϕ, the Hubble constant H0 ¼ 100h km=s=Mpc with

h ¼ 0.6727 [48]. The dark energy, matter and radiation
(CMB photons and neutrinos) fractions are ΩΛ ¼ 0.6846;
Ωm ¼ 0.315, and Ωr ¼ 9.265 × 10−5.
The neutrino fluxes for different parameters are shown in

Fig. 4. We fix mχ ¼ 10 GeV, mϕ ¼ 50 GeV in the calcu-
lation. For fixed fϕ, the observed energy Eν and the
maximum neutrino flux increase with the growth of τϕ.
It is clear that τϕ ≳ 1013 s with fϕ ¼ 1 is excluded by
KamLAND and SK data. Meanwhile, a larger fϕ will also
increase the neutrino flux for fixed τϕ. The predicted
neutrino energy is usually less than 100 MeV with
peak energy around 10 MeV. Typically, τϕ ¼ 1012 s with
fϕ ≳ 10 induces the neutrino flux that exceeds the observed
values.
According to the observed neutrino flux, an upper limit

on τϕ for certain fϕ can be obtained by using the binned
statistical analysis with the Poisson likelihood function
[60–62],

L ¼
Y
i

e−n
th
i ðnthi Þnobsi

nobsi !
; ð16Þ

where nth;obsi are the theory and observed values in the ith
bin, respectively. A test statistic is then constructed as

−2Δ lnL ¼ −2ðlnL − lnLmaxÞ; ð17Þ

where lnLmax is the likelihood value with the observed
neutrino flux by experiments. The exclusion limit at
90% C.L. is then obtained with −2Δ lnL ¼ 2.71. The
derived limit with mχ ¼ 10 GeV, mϕ ¼ 50 GeV is the

a r

a(a)
a r

a(b)

FIG. 4. The predicted neutrino fluxes at present for various scenarios. The orange and gray dotted lines are the thermal and nuclear solar
neutrino flux [56]. The black squares and purple triangles represent the diffuse supernova neutrino background (DSNB) flux measured at
the KamLAND [57] and SK [58], respectively. The red points are the atmospheric neutrino data from SK [59] (a) fϕ ¼ 1. (b) τϕ ¼ 1012 s.
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dashed black line in Fig. 7. The limit from neutrino flux is
weaker than those from CMB and BBN when τϕ ≲ 1015 s,
otherwise it becomes the most stringent one at present.
Notably the derived limit from neutrino flux also depends
on masses of DM and dark scalar. So in the following
numerical scan, we calculate the likelihood value for each
sample to determine whether it is excluded. We find that
under the constraints from Neff , CMB and BBN, the
neutrino flux cannot exclude any samples individually.
Therefore, no samples sprayed black are shown in Fig. 7.

V. COLLIDER SIGNATURE

In this section, we consider the promising signatures of
sterile neutrino and dark scalar at colliders. For sterile
neutrinos in the mass range of 1 GeV≲mN ≲mW , the
most promising one is the displaced vertex signature. Via
the Higgs portal coupling λ3ϕ2ðΦ†ΦÞ, the dark scalar could
induce large Higgs invisible decay for certain λ3.

A. Displaced vertex signature

Within the framework of the type-I seesaw, the collider
phenomenology of sterile neutrino is determined by the
mixing angle θ and mass mN . The extensively studied
production process is pp → W → l�N at LHC. In panel
(a) of Fig. 5, we show the production cross section σðpp →
l�NÞ at the 14 TeV LHC. For sterile neutrino lighter than
about 30 GeV, the production cross section is approxi-
mately a constant, which is proportional to θ2. For instance,
θ2 ≃ 10−5ð10−9Þ leads to the cross section at the order of
100 fb (10 ab). Therefore, when the mixing angle θ is too
small, e.g. θ2 ≲ 10−10, the expected signal event will be less
than ten even with an ultimate integrated luminosity of

3000 fb−1 and 100% cut efficiency. For sterile neutrino
heavier than 40 GeV, the phase space suppression by mN
becomes obvious too.
The sterile neutrino decays into the SM quarks and

leptons via the off-shell W=Z boson for mN < mW.
Suppressed by the tiny coupling λds, the contribution of
N → χϕ to the total decay width of N is negligible. The
explicit three body partial decay widths can be found in
Ref. [64], and the total decay width can be estimated
as [65]

ΓN ≃ 11.9 ×
G2

F

96π3
θ2m5

N: ð18Þ

For mN > mW, the two body decays N → W�l∓; Zν; hν
are the dominant decay channel. Corresponding decay
widths are calculated in Ref. [13]. In this paper, we use
MadGraph5_aMC@NLO [63] to calculate the total decay width
of N numerically. In panel (b) of Fig. 5, we show the decay
length cτN . For sterile neutrino lighter than 1 GeV, the
decay length is usually too large to probe. Meanwhile, a
sterile neutrino will decay promptly when it is heavier than
W or with a relatively large θ. The promising region of
displaced vertex signature is thus around 10 GeV scale with
proper θ value.
Currently, searches for sterile neutrinos with displaced

vertex signature have been performed at LHC [66–68]. The
exclusion limit could reach mN ≲ 15 GeV and θ2 ≳ 3.6 ×
10−7 [67]. In the future, several experiments such as SHiP
[69,70], CEPC [71], LHC [72,73], and FCC-hh [74] could
detect the parameter space with mN ≲mW and θ2 ≳ 10−11.
These limits can be found in Fig. 8, however, none of them
could reach the theoretical seesaw limit [75].

(a) (b)

FIG. 5. Left (a): Cross section of pp → l�N at the 14 TeV LHC. Right (b): Decay length of sterile neutrino. The dashed lines are the
estimated result with Eq. (18), and the solid lines are the numerical result by using MadGraph5_aMC@NLO [63].
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B. Higgs invisible decay

As discussed in the previous section, the dark scalar ϕ is
also long-lived. Anyway, the final states of the delayed
decay ϕ → χν are both invisible at colliders. Therefore, the
process h → ϕϕ with ϕ → χν contributes to the SM Higgs
invisible decay. The corresponding decay width is

Γh→ϕϕ ¼ λ23v
2

8πmh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
ϕ

m2
h

s
: ð19Þ

The invisible branching ratio is calculated as BRinv ¼
Γh→ϕϕ=ðΓh→ϕϕ þ ΓSMÞ, with ΓSM ≈ 4 MeV. In the
FIMP scalar scenario, λ3 ≲ 10−11 leads to a neglectable

(a) (b)

FIG. 6. Higgs invisible decay in the WIMP scalar scenario. The shaded region BRinv > 0.11 is excluded by the ATLAS experi-
ment [76]. (a) BRinv as a function of λ3. (b) λ3 as a function of mϕ.

(a) (b)

FIG. 7. Combined analysis for WIMP scalar scenario (left) (a) and FIMP scalar scenario (right) (b). The orange points are excluded by
the current direct search for sterile neutrino at colliders [11]. The pink samples (only in the left panel) are excluded by ATLAS
measurement on Higgs invisible decay [76]. The blue dots are excluded by CMB and BBN [40]. The purple samples are limited by
current Planck Neff observations [48]. The red points are allowed at present but are within the reach of the future CMB S4 [55]. The
black dotted line represents the upper limit obtained by neutrino fluxes at KamLAND [57] and SK [58]. The green dots indicate the final
allowed parameter space.

LIU, SHAO, HAN, JIN, and LI PHYS. REV. D 108, 115028 (2023)

115028-8



contribution to Higgs invisible decay, so we only consider
the WIMP scalar scenario. The predicted invisible branch-
ing ratio for certain mϕ is shown in panel (a) of Fig. 6. It is
clear that the current measurement of invisible decay favors
the region λ3 ≲ 0.01. However, according to the results in
panel (b) of Fig. 1, such small λ3 will lead the DM relic
density over abundance. In panel (b) of Fig. 6, we have
required that the correct relic density is obtained via the
ϕ → χν decay. It indicates that the mass region mϕ ≲
50 GeV is excluded.

VI. COMBINED RESULTS

As discussed in previous sections, the cosmological
observables set constraints on the relatively small mixing
angle, while the collider signatures favor a large mixing
angle. In this section, we combine the individual constraint
to obtain the viable parameter space. The free parameter set
is fmN;mϕ; mχ ; λ3; λds; θg in this study. We perform a
random scan in the following range

mN ∈ ½1; 100� GeV; mϕ;χ ∈ ½0.1; 100� GeV;
λds ∈ ½10−13; 10−10�; θ∈ ½10−7; 1�: ð20Þ

As for the Higgs portal coupling, we consider λ3 ∈
½0.001; 1� for the WIMP scalar scenario and λ3 ∈ ½10−13;
10−10� for the FIMP scalar scenario. During the scan, we
require the relic density satisfies the Planck observed result
in the 3σ range [48], i.e., Ωχh2 ∈ ½0.117; 0.123�. To obtain
the specific scenario mN > mϕ þmχ and mϕ > mχ , these
conditions are also imposed manually.

The combined results in the fϕε − τϕ plane are shown in
Fig. 7. Due to the massive DM in the decay of ϕ, the
fractional abundance fϕ in this analysis needs to be
multiplied by ε ¼ ðm2

ϕ −m2
χÞ=2m2

ϕ to keep consistent with
the constraints in Ref. [40]. The cosmological constraints
from CMB and BBN exclude the parameter space with
τϕ ≳ 1012 s. Meanwhile, the Planck Neff result can exclude
τϕ ≳ 105 s with fϕε≲ 102. Recall that λ3 ∼Oð1Þ could
lead to Yϕ much smaller than Yχ , so the distribution of fϕε
for the WIMP scalar scenario is wider than the FIMP scalar
scenario. It is obvious that the limit from colliders tends to
exclude dark scalar with short lifetime for the FIMP scalar
scenario, and the allowed parameter space tends to the area
with larger τϕ when fϕε decreases.
To figure out the promising region at colliders, we then

show the present allowed samples in the θ2 −mN plane in
Fig. 8. Panel (a) is the result for the WIMP scalar scenario.
Although future colliders can cover most parameter space
in the θ2 −mN plane, we find that the constraint from Higgs
invisible decay has already excluded the displaced vertex
signature promising region at SHiP, CEPC and LHC. There
are a few samples around the range of 50 GeV to 80 GeV
with θ2 ∈ ½10−9; 10−6� that can still be detected by future
FCC-hh with the displaced signal. Such region may be
double checked by the CMB S4 experiment via the
measurement of Neff .
As shown in panel (b) of Fig. 8, the situation for the

FIMP scalar scenario is quite different from the WIMP one.
Without the constraint from Higgs invisible decay, mN can
down to the scanned lower limit of 1 GeV. So once a sterile

(a) (b)

FIG. 8. Constraints on the heavy sterile neutrino for the WIMP scalar scenario (left) (a) and the FIMP scalar scenario (right) (b). The
orange region is excluded by direct searches for sterile neutrino at colliders [11]. The purple, red, blue and black dashed lines are the
future limits from SHiP [69,70], CEPC [71], LHC [72,73], and FCC-hh [74], respectively. The gray solid line indicates the seesaw
predicted mixing angle with Eq. (4). Other labels are the same as Fig. 7.
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neutrino with a mass less than 50 GeV is found, only the
FIMP scalar scenario is favored. Meanwhile, cosmological
constraints from CMB, BBN and Neff have more clear
lower limits on allowed samples (θ2 ≳ 10−10), which
implies that these lower limits on θ2 are already about
one order of magnitude higher than the minimal seesaw
prediction. In this way, we definitely expect observable
displaced vertex signature at future colliders. There is a
small mass gap between 2 GeV and 10 GeV that is hard to
detect at colliders, but is within the reach of CMB S4
measurement on Neff . Otherwise, if no clear ΔNeff is
observed at CMB S4, we should have θ2 ≳ 10−9.

VII. CONCLUSION

The sterile neutrino portal dark matter model is an
appealing pathway to explain the origin of tiny neutrino
mass and dark matter simultaneously. Besides the sterile
neutrino N, a dark sector with one fermion singlet χ and
one scalar singlet ϕ is also introduced. In this paper, we
consider the fermion singlet χ as FIMP dark matter.
Although the DM itself is hard to detect, the dark scalar
ϕ and sterile neutrino N could lead to observable signatures
at cosmology and colliders.
We focus on the specific scenariomN > mϕ þmχ , where

the decay of dark scalar ϕ → χν is heavily suppressed.
Such delayed decay will have a great impact on cosmo-
logical observables such as the big bang nucleosynthesis,
the cosmic microwave background anisotropy power spec-
tra, the effective number of relativistic neutrino species
Neff , and the energetic neutrino flux. The cosmological
constraints from CMB and BBN exclude the parameter
space with τϕ ≳ 1012 s. Meanwhile, the Planck measure-
ment of Neff sets the most stringent constraint for

τϕ ≲ 1012 s. We also find that restriction from neutrino
flux is weaker than those from CMB and BBN.
The sterile neutrino N can be also long-lived when

lighter than W boson, which then generates a displaced
vertex signature at colliders. Currently, the mixing angle
with θ2 ≳ 10−6 is excluded. In the future, parameter space
with θ2 ≳ 10−10 could be detected. But this limit is still
higher than the minimal seesaw prediction. In the WIMP
scalar scenario, the dark scalar induces Higgs invisible
decay via the quartic coupling λ3ϕ2ðΦ†ΦÞ. By requiring the
correct relic density of DM, we find that mϕ ≲ 50 GeV is
already excluded by Higgs invisible decay.
Since the constraints from cosmology and colliders are

complementary to each other, a random scan over param-
eter space is also performed. For the WIMP scalar scenario,
we find that under tight constraint from Higgs invisible
decay, only the FCC-hh has the potential to probe the sterile
neutrino around 50 GeV to 80 GeV. For the FIMP scalar
scenario, the sterile neutrino can be as light as 1 GeV, thus
displaced vertex signatures are expected at all colliders. We
also find that current cosmological constraints on θ2 are
already higher than the minimal seesaw limit. So the future
CMB S4 measurement of Neff together with displaced
vertex searches at colliders are able to cover almost the
whole parameter space with mN ≲mW .
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