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Abstract

We investigate the possibility of probing freeze-in dark matter (DM) produced via the heavy neutral lepton
(HNL) portal at the HNL frontier within the framework of the type-I seesaw. We consider two cases for
the DM production either via decay of the thermal HNL or via scattering of the bath particles mediated
by the HNL. In both cases, we show that the allowed model parameter space satisfying the observed DM
relic density for the freeze-in scenario remains within reach of several HNL search experiments.
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1. INTRODUCTION

The nature of dark matter (DM) remains enigmatic. The DM
couplings to the Standard Model (SM) sector are not known,
except for their gravitational effects. Any nongravitational DM
interactions with the SM would require some beyond the SM
(BSM) physics.

Among various possible particle DM candidates [1], the
Weakly Interacting Massive Particle (WIMP) [2] paradigm ini-
tially gained a lot of traction, because of its miraculous prop-
erty of being able to reproduce the observed relic abundance
via weak-scale interaction cross sections for a wide range of
DM masses [3]. The basic idea is that at high temperatures, the
DM particles are in thermal equilibrium but as the tempera-
ture falls below roughly one-twentieth of the DM mass, equi-
librium is lost and the DM particles freeze out of the thermal
plasma. However, in spite of being so appealing, the WIMP
scenario has been waning lately, due to stringent experimen-
tal tests from direct detection, indirect detection, and collider
searches [4, 5]. This has motivated quests for DM beyond the
WIMP paradigm [6].

Since DM is electrically neutral, a simple alternative to the
WIMP paradigm is to have the DM as a pure singlet under the
SM gauge group. In this case, the DM can interact with the SM
sector only via the so-called “portals.” There exist only three
such portals in the SM, depending on whether the mediator
has spin-0 (Higgs portal) [7, 8], spin-1 (vector portal) [9, 10],
or spin-1/2 (neutrino portal) [11, 12]. In this talk, we will focus
on the neutrino portal scenario which is particularly interesting
because of its intimate connection to neutrino mass—another
outstanding puzzle that also calls for some BSM physics. For
related discussion, see [11, 12,13, 14, 15, 16,17, 18, 19, 20, 21, 22,
23,24, 25,26,27,28,29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40].

A simple realization of the neutrino portal relies on DM in-
teractions being mediated by SM gauge-singlet fermions, also
known as heavy neutral leptons (HNLs). The HNLs are well
motivated by the type-I seesaw mechanism for neutrino mass
generation [41, 42, 43, 44, 45, 46]. Depending on their mass and
Dirac Yukawa couplings, which together determine their mix-
ing with the SM neutrinos, the HNLs can be searched for in a
wide range of experiments, such as beta decay, meson decay,
beam dump, and colliders; for a comprehensive summary of
the existing constraints and future prospects of HNL searches;
see, e.g., [47, 48]. In this talk, based on our recent work [40], we
show that the same HNL parameter space that can be probed

in future experiments can also reproduce the observed DM relic
density via the freeze-in mechanism [49].

In our case, the HNLs are the only mediators between the
SM and the DM sectors. In addition, the portal couplings to
the dark sector are sufficiently small so that the DM never
reaches chemical equilibrium with the thermal bath. The DM
is slowly populated in the Universe by either decay or anni-
hilation processes involving the HNLs, until the production
ceases due to Boltzmann suppression as the Hubble temper-
ature drops below the HNL mass. Due to their tiny interaction
strength with the visible sector, freeze-ins are inherently very
difficult to search for directly in conventional DM direct detec-
tion, indirect detection, or collider experiments [50]. However,
unlike freeze-out, for freeze-in, one typically looks for signa-
tures of the portal itself and its associated tiny couplings. For
instance, the feeble couplings associated with the portal could
make either the heavier dark sector particles or the mediator
itself long-lived, leading to signatures in lifetime and intensity
frontier experiments [51]. Other examples involving properties
of the individual BSM models like kinetic mixing [52], temper-
ature corrections [53], and scale-invariance [54, 55] have been
proposed for the freeze-in mechanism that can be searched for
in direct detection experiments as well. Similarly, a nonstan-
dard cosmological era can also make freeze-in sensitive to in-
direct detection [32]. As we demonstrate in this talk, the HNL
portal effectively provides a complementary laboratory probe
of the freeze-in DM scenario.

2. THE MODEL
We add to the SM particle content the following:

(i) SM gauge-singlet HNLs N;. We need at least two HNLs
(i.e., i = 1,2) in order to reproduce two nonzero mass-
squared differences, as observed in neutrino oscillation
data, using the seesaw mechanism. For our current inter-
est, a hierarchical spectrum can be assumed, so that only
the lightest HNL N; will be relevant for us.

(ii) A gauge-singlet Majorana fermion x which serves as the
DM candidate. Note that a Dirac fermion would also
serve the purpose, but at the expense of doubling the de-
grees of freedom.

(iii) A realsingletscalar ¢ which is needed to connect the DM
to the HNL portal.

We will assume that both x and ¢ are charged under a Z; sym-
metry and that x is lighter than ¢ to ensure the stability of the
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DM. The SM particles and the HNLs are assumed to be even
under this Z, symmetry, which forbids couplings between SM
and dark sector particles (), ¢). The relevant piece of the La-
grangian giving rise to neutrino mass is given by

_ 1 _
~Ly = (YD) LaHN; + 5 (My); NEN; +He, (1)

where L and H are the SU(2); lepton and Higgs doublets re-
spectively, and & = e, , T is the flavor index. The interaction
Lagrangian for the dark sector containing the singlet Majorana
DM y and the real singlet scalar ¢ reads

7['dark = yXW(PX + mx?x + V(H/ §0) +Hc, (2)

where V(H, ¢) is the scalar potential (see below), and we have
assumed a universal coupling of DM to the HNLs. The HNLs
serve as the portal to mediate the interactions between the dark
and visible sectors, owing to the couplings Yp and y,. Note
that the same Y is also involved in active-sterile neutrino mix-
ing, leading to light neutrino mass generation via type-I seesaw
mechanism.

Once the SM Higgs doublet gets a nonzero vacuum expec-
tation value (VEV)

1 0
H:\ﬁ(h—kv) S

with v ~ 246 GeV, we obtain the Dirac mass matrix Mp =
Yp (H). The singlet scalar ¢, on the other hand, does not ac-
quire a VEV, and therefore, there is no mixing between the DM
and the HNLs. The Lagrangian in equation (1) in the flavor ba-
sis then reads

VL

—Ly = % (W W) M (Nc) +H.c, @)

where the mass matrix can be realized as

0 Mp >
M= p 5
(MzT) My ©
which can be diagonalized using a unitary matrix i/:
Miag =U"-M-U, ©6)

obtaining masses of the neutrinos on a physical basis. We
work in a basis where My is diagonal, i.e., ]\7IN = My =
diag(M3i, My), and express the Yukawa matrix following the
Casas-Ibarra (CI) parametrization [56] as

V2 /5 —
Yp = 7\/MNIR\/mVLI;MNS, 7)

with Upyns being the PMINS matrix that diagonalizes the ac-
tive neutrino sector (ignoring any nonunitarity effects) i, =
diag(mq, my, ms), while R is an arbitrary complex orthogonal
rotation matrix with RTR = I. In the minimal seesaw sce-
nario with two HNLs [57], considering normal hierarchy (NH)
among the light neutrino masses, one can define the rotation
matrix as

Rus — 0 cosz sinz
NH =10 —sinz cosz)/’

®)

where z is in general a complex angle. This choice automatically
implies that the lightest active neutrino is massless. The mass
eigenstates can be defined via the unitary rotation:

v\ _ Vi
@)

and the matrix U can be expressed as (expanding in terms of

MpMyh)
uw UvN)
U= . 10
(uNV UnN (10)

In terms of the CI parametrization (cf. equation (7)), to leading
order, we find [58, 32]
Uvy = Upmns,
Uyn ~ MHMY' = V2Upyns Vi RY M2,
Uy & =My Mply, = —V2My" >R/,
Uyn = 1.

1

The charged current interaction vertices are then modified as

g - - _
Lcc D ﬁ [(va)m' EL,X’)/}IV,' + (UVN)zxj EL,X’)/}!N]' +H.C.] Wy
(12)

(g being the SU(2); gauge coupling strength), whereas the neu-
tral current interaction vertices are modified as

8 + Tk,
£Ene 2 2 cos Oy {(UWUW)U VirTYj

+ <u:N tun ) Kl ! (13)
+ <UJN UW> ki

+ <u$1/ qu)

i vi’Y’ANk:| Z;u

where 6, is the weak mixing angle, and we have utilized
ulyMp = m,Uf, and UL Mp = MU, Similarly, the DM-
neutrino interaction Lagrangian can be written in the physical
basis as

~Lark O Yy ; {(ufw)ki vipx + (U,EN)kj qu))(] +H.ec.
(14)

The renormalizable scalar potential (cf. equation (2)) in-
volving the two scalars of the theory, namely, {9, H} is given

by

V(H, ) =~} (H'H) + An (H*H)2 )
+ 1597 + A9 + Agg? (H'H)

After electroweak symmetry breaking, the scalar mass matrix
is given by

202\ 0
2 _ H
M _( 0 AH(,,UZHVEP)' (16)

where the two terms can be identified as the squared masses of
the SM Higgs h and the singlet ¢, respectively.
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FIGURE 1: Relevant dark matter production channels via 1-to-2
decay (top) 2-to-2 scattering (bottom) involving the HNLs.

3. FREEZE-IN DARK MATTER

In the present set-up, the DM can be produced via (a) on-shell
decay of HNL if My > my + my, or (b) 2-to-2 scatterings me-
diated by HNL. In case a decay is present, the scattering will be
subdominant; hence, in the following, we treat DM production
from decay and that from scattering separately. We assume that
the lightest HNL Nj is responsible for freeze-in production of
DM. Now, since freeze-in happens when thermal bath species
produce DM via out-of-equilibrium processes, it is important
to know whether the HNLs thermalize with the SM particles
during the freeze-in production. As argued in [59, 60], in low-
scale type-I seesaw models with three extra sterile states, full
thermalization in the early Universe is always reached for three
HNL states if the lightest neutrino mass is above (9(10’3) ev,
while if the lightest neutrino mass is below O(1073) eV, only
one of the sterile states might never thermalize. Thus, in the
subsequent analysis, we will consider the freeze-in production
to be happening from the thermal bath containing the HNLs.

The relevant DM production channels are shown in Fig-
ure 1:

(i) Decay: Ny — x¢ (top panel)

(ii) s-channel HNL mediated scattering: LH — x¢, VL —
X with V € W%, Z (bottom left).

(iii) t-channel ¢ mediated scattering: NyN; — xx (bottom
right).

The Boltzmann equation (BE) governing the DM number
density can be written in terms of the DM yield defined as a
ratio of the DM number density to the entropy density in the
visible sector, i.e., Yy = ny/s. The BE can then be expressed in
terms of the reaction densities as

dYy _
XHSW = Yann + ’ydecay/ (17)
where x = m, /T is a dimensionless quantity. The complete
expressions for the reaction densities ;’s can be found in [40].
Since we investigate a feebly coupled sector, the back reactions
in the DM production processes can be neglected [49].

3.1. Comparison of the Rates

It is important to ensure that the DM does not thermalize with
the SM bath in the early Universe, which is the primary re-
quirement for freeze-in. Assuming that the N — ¢y decay
is kinematically available, we first find the region compatible

with freeze-in from the requirement of (FNH(PX> < H, where
we have defined the thermally averaged decay width of HNL
into DM as

_ Ky (M /T)
<FN—>§9X> = FN—NPX Ky (M;/T)’ (18)

where I'y_, gy =~ y2 M1/ (87); My >> g,y is the decay width of
Nj into DM, and K » are modified Bessel functions. This con-
dition, in turn, puts a constraint on the DM-HNL coupling y,.
For lighter M;, the DM remains out of equilibrium for a longer
period of time before it equilibrates, since in that case the de-
cay width becomes comparatively smaller, making the decay
lifetime longer. In order for the freeze-in production via decay
to stay nonthermal till T ~ 1GeV (the lowest reheating tem-
perature we consider to avoid the BBN constraints), one needs
avery small y, < 107101

For DM production via scattering, we compare the rates
of 2-to-2 scattering processes with the Hubble rate. The reac-
tion rate for the scattering process is given by R = n1eq(0v) =
Yann/Meq, where we consider ¢q to be the equilibrium num-
ber density of the SM particles in the initial state. In this case,
the bound on y, can be significantly relaxed to y, < 1077, as
compared to the decay case mentioned above.

In the presence of DM production both via decay and scat-
tering, the contribution from decay generally wins in the lower
temperature region, where infrared freeze-in becomes impor-
tant, i.e., where the DM yield becomes important at later times
(low temperatures). Thus, in case the decay channel N — x¢
is open, we can ignore the 2-to-2 DM production channels.
Therefore, our analysis will be divided into two categories: (a)
My > my + mgy for which the DM production from decay is
dominant, and (b) My < my + m, for which DM production
from scattering is important (the decay is kinematically forbid-
den). In either case, we have four free parameters (assuming a
fixed Higgs portal coupling Ag): { My, my, mg,yyx }, which de-
termine the viable parameter space for the DM.

3.2. DM Production via HNL Decay

For My > my + my, the DM production channel from HNL
decay is kinematically available. The asymptotic DM yield can
be analytically computed by integrating equation (17):

0) ~ 405gN §MPFN1%X(p 19)
47‘[2g*s /Sxp V 2 M% ’

where g = 2 is the number of degrees of freedom for HNL.
Here, gxs and g, are the effective numbers of relativistic de-
grees of freedom contributing to the entropy and energy den-
sity, respectively, while Mp is the reduced Planck mass. The
relic abundance at present epoch T = T can then be obtained
using

Yy (T =

Qi = (2.75 x 108) (%) Yy (To), (20)

which needs to satisfy the value as measured by Planck:
Qpmh? = 0.11933 + 0.00091 [61]. We find that the right relic
density can be obtained for y, < 10710 which is typically
within the ballpark where nonthermal DM production is vi-
able. With the increase in My, it is possible to obtain the correct

IThis value, although much smaller than the typical Dirac Yukawa couplings,
does not contradict anything and is stable against radiative corrections.
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relic density for larger m, for a fixed y, since Y) « 1/M);. Sim-
ilarly, on decreasing the DM Yukawa coupling vy, for a fixed
M, one expects to obtain the right abundance for a larger DM
mass. For yy 2 10719, the DM can thermalize in the early Uni-
verse as mentioned earlier and freeze-in is no longer viable.
It is important to note here that for M; < O (MeV), the DM
mass has to be extremely light for i, ~ 10710 to satisfy the
relic abundance. However, this is constrained by the measure-
ments of the free-streaming of warm DM (WDM) from Lyman-
« flux-power spectra [62, 63, 64, 65] which only allow a DM
mass 27.5keV. For smaller yy, this constraint on the parameter
space does not exist anymore since in that case one has to go to
a heavier DM to satisfy the freeze-in relic density.

To obtain the net parameter space for the DM satisfying
relic abundance, we scan over the DM and HNL masses, while
keeping my = 2m, and fixing the DM Yukawa coupling y, =
10719, ensuring that the DM production via decay remains non-
thermal as discussed earlier. We also fix Re[z] = 0.1 and vary
Im[z] € [0.1,7.0] in the CI parametrization (cf. equation (7))
for the Dirac Yukawa coupling. Note that Im[z] = 0 would be
the canonical seesaw case with very small active-sterile neu-
trino mixing, which is shown by the lower black dashed line in
Figure 2, whereas the upper black dashed line corresponds to
Im[z] = 7 which is the rough upper limit on the mixing from
charged lepton flavor violation [66]. Since the DM coupling vy,
that controls the relic abundance is uncorrelated with the HNL
Yukawa coupling for the decay scenario (except for the tiny
change in the HNL decay width), for a given choice of v, sat-
isfying the relic density, it is always possible to have a viable
parameter space in the HNL mass-mixing plane for the DM,
which also satisfies the light neutrino mass constraints. This is
shown by the green-shaded regions in Figure 2: the left panel
for electron mixing (here U,y stands for (U,x)1), the middle
panel for muon mixing, and the right panel for tau mixing. The
choice of yy is to ensure that the DM production takes place via
freeze-in.

Also shown in Figure 2 are the current HNL exclusion
regions (gray-shaded) from various cosmological observa-
tions (such as BBN, CMB, and Lyman-«), as well as labora-
tory constraints (such as beta decays, meson decays, beam-
dump searches, precision electroweak tests, and direct collider
searches); see [47, 67, 68, 69, 70, 71, 72] for details.2 The future
HNL sensitivities are also shown (unshaded curves) for com-
parison. We see that part of the DM relic density allowed pa-
rameter space for Im[z] 2 1 lies within reach of future sen-
sitivity of beam-dump and collider experiments. Because of
M&l/ 2 dependence (cf., equation (11)), a larger M; satisfies the
light neutrino mass for comparatively lower |U, y|?, while the
|U, N |* coupling is boosted for higher Im[z], improving the ex-
perimental reach. A larger DM Yukawa requires a lighter DM
to produce the observed abundance, which is constrained by
the WDM limit due to Lyman-« constraints. Here, we have con-
sidered the conservative limit of 7.5keV on fermion DM mass.
This is shown by the black vertical line that forbids M; <
1MeV in the decay scenario. On considering a smaller DM
Yukawa coupling, the parameter space remains unchanged, ex-
cept that the WDM bound does not apply anymore since the
DM mass is always found to be above the keV scale to satisfy

2The data used for plotting the constraints is available on the website www.
sterile-neutrino.org.

the relic density bound. Our analysis presented here is for NH
of neutrino masses.

3.3. DM Production via HNL Scattering

Next, let us take up the case where M; < my + mgp, making
only the 2-to-2 processes available for DM production. Because
of both s- and t-channel contributions (cf. Figure 1), it is diffi-
cult to obtain an exact analytical solution of the BE in this case.
However, it is easy to understand that the final DM yield and
hence relic abundance has a y% Y2 dependence on the couplings
as the t-channel contribution is largely subdominant. We find
that for larger m, a smaller y, is required for satisfying the
relic bound as O h? o y%cmx. Similarly, for a fixed DM mass,
as we increase Yy, we need to go to larger M, to satisfy the ob-
served abundance, as that corresponds to smaller vy (cf. equa-
tion (11)). The same is true for a fixed y, as we go to heav-
ier DM mass since in that case overabundance can be avoided
by choosing smaller yy, i.e., heavier M;. This feature is more
prominent for larger y,. As we increase the DM mass, we need
smaller y, to satisfy the relic bound. It is important to note here
that in the case of scattering, we can always find a range of vy
such that the DM is always safe from WDM limit unlike the
case of decay. Small values of y, require heavier DM to satisfy
the relic density constraint as Q, h? & m,(y,yn)?. On the other
hand, lowering vy, moves the parameter space toward larger
|U,n|? to compensate for underabundance accordingly. Simi-
larly, for small Im[z], the allowed region shifts to smaller values
of ‘uth |2'

We now cast the allowed DM relic density parameter space
in the 2-to-2 scattering case onto the HNL parameter space in
Figure 3. We project all the relevant limits in |U,n|> — M as
we did in case of decay (cf. Figure 2). Here, we find that the
viable parameter space gradually diminishes toward the right,
making a wedge-like shape. This is attributed to the fact that in
order to have a dominant contribution from scattering, we con-
fine ourselves only in the region of the parameter space where
M, < my, which kinematically forbids the decay channel since
we have chosen m, = 2my. Another important feature is the
absence of the constraint on WDM due to Ly-a here. This is due
to the freedom of choosing larger v, in this case, which can still
reproduce the correct abundance with a smaller yy, without
lowering the DM mass. In the case of decay, this was not possi-
ble as the only coupling controlling the DM abundance was y,;
hence, a larger y, resulted in a lighter DM, making the WDM
bound more stringent.

We should also mention here the possibility that the
Yukawa couplings of HNLs can carry new sources of CP vi-
olation, and their out-of-equilibrium decays can produce a lep-
ton asymmetry, which can then be transferred to a baryon
asymmetry by the electroweak sphalerons—this is the stan-
dard leptogenesis mechanism [73]. Although the vanilla lepto-
genesis requires HNL mass to be way above the electroweak
scale (>10° GeV) [74], low-scale leptogenesis with HNLs ac-
cessible to laboratory experiments is also feasible, either via
resonant leptogenesis [75, 76] or via HNL oscillations [77, 78]
or both [79]. Therefore, in the present scenario, it is possi-
ble to have a simultaneous explanation of DM relic density
and baryon asymmetry since both rely on the interactions
of the HNLs. For instance, as has already been discussed in
[79, 80], it is possible to have successful leptogenesis consid-
ering two nearly degenerate HNLs in the GeV range, with
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FIGURE 2: Freeze-in DM region in the HNL decay scenario superimposed in the plane of HNL mass and its coupling to the electron,
muon, and tau flavors. In each panel, the green-shaded region corresponds to the observed DM abundance in the HNL parameter
space for a normal hierarchy of neutrino masses. The gray-shaded regions are excluded by various HNL constraints. The future
HNL sensitivities are also shown for comparison. See text and [40] for details.
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FIGURE 3: Similar to Figure 2 but for the 2-to-2 scattering case.

|U|? = ¥, Uy N> ~ 0(10719-1078), which is also consistent
with the DM relic density as shown in Figures 2 and 3.

4. THE FATE OF ¢

For completeness, let us discuss what happens to the new
scalar singlet @ in this model. First of all, note that ¢ is non-
thermally produced along with the DM x unavoidably from
N decay or 2-to-2 scattering mediated by Nj (cf. Figure 1).3
On the other hand, ¢ can also be produced from the 2-to-2 scat-
tering of the bath particles due to the presence of the portal in-
teraction |H|?>@? (cf. equation (15)). This leads to ¢ production
via contact interaction before electroweak symmetry breaking
and also via s-channel Higgs mediation once the electroweak
symmetry is broken, and all the SM states become massive. For
the range of masses we are interested in, ¢ can be as light as
O(MeV) and can be produced via on-shell decay of the Higgs
after electroweak symmetry breaking. In that scenario, a large

3There can be 2-to-2 scattering via t-channel yx as well, but that contribution is
sub-dominant because of negligible initial abundance of x and y} dependence of
the cross section.
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portal coupling Ap, will then contribute to the Higgs invisible
branching ratio BR(# — ¢¢), and from the most stringent LHC
constraint on BR(h — invisible) < 0.145 [81] (see also [82] for
a slightly weaker bound of 0.18), we find an upper bound of
Alg S 6% 1073 for my < my /2.

After the ¢’s are produced in the early Universe, the next
question is their stability. For m, < My, the only possible
decay mode of ¢ is a 3-body final state with DM and SM via
off-shell HNL. For m, 2 100GeV, we consider the 3-body de-
cays of ¢ — xN* — xvh, xvZ, x¢*WT. The dependence of
the decay width on the free parameters can be approximately
obtained via dimensional analysis as

5
3-bod 2 M
T ™ ~ (13 Yp)* 1o @1
1

where Yp is determined by equation (7). Thus, the decay width
(lifetime) increases (decreases) with 114, while it has an inverse
dependence on the HNL mediator mass. We numerically cal-
culate the total 3-body decay width of ¢ (taking all possible
final states into account) and obtain the corresponding lifetime
Ty = I',! as a function of m,. We find that for certain choices of

¢
mass and coupling, ¢ can have a lifetime larger than the age of



Letters in High Energy Physics

LHEP-356, 2022

the Universe 1; ~ 4.35 x 10! sec; however, it is still way below
the typical bound on DM lifetime >10%° sec [83] and ¢ cannot
be a DM candidate in our model.

As mentioned before, the scalar ¢ can be produced from
the bath because of the presence of the portal interaction, con-
trolled by the coupling A Hg, ON top of its production from the
on-shell decay of HNL or HNL mediated 2-to-2 process. The
production of ¢ involving HNL is already out of equilibrium
for the coupling choice of our interest that leads to freeze-in
production of the DM. For the processes involving the Higgs
portal coupling Ap,, we find that with Ay, S 1072, the ¢ pro-
duction rate stays out of equilibrium till T ~ 1 GeV, irrespective
of mg. Therefore, the ¢ particles do not contribute to Neg and
we are safe from the cosmology bounds on ANg.

It is, however, important to note that for m, < 100GeV,
where only 4-body decays are allowed, the scalar lifetime can
be significantly larger because of its tiny decay width. For in-
stance, we numerically estimated that T gosxubb 10760 GeV
for my = 10GeV, my = 0.1GeV, and M; = 500GeV with
yy = 10710 and Im[z] = 1. This leads to a lifetime 7, ~ 10%s.
Therefore, for lighter m,, ¢ can also contribute to the DM abun-
dance as it becomes stable over the cosmological scale. It is,
however, possible to tune the portal coupling Ay, such that
the contribution of ¢ to the total relic abundance is negligibly
small and x is the dominant DM component.

5. OTHER POSSIBLE SIGNATURES

The standard collider signatures of the HNLs [84, 85, 86, 48],
such as the dilepton (or trilepton) plus missing transverse
energy, either prompt or displaced depending on the Dirac
Yukawa couplings, are also applicable in our scenario. More-
over, the presence of the singlet scalar ¢, in addition to the
HNLs, opens up the possibility of distinguishing this model at
colliders from the pure seesaw models, since ¢ contributes to
missing transverse energy at colliders. For My > mg + my, the
branching ratios (BRs) of the HNLs into the SM final states, i.e.,
N — (W, vZ, vh, get modified due to the presence of the ad-
ditional decay mode N — x¢, depending on the new Yukawa
coupling y,. Note that the same Yukawa coupling vy, governs
the DM production in our freeze-in scenario; therefore, measur-
ing the BRs accurately can in principle give us a direct collider
probe of the HNL coupling to the DM. However, it turns out to
be extremely difficult in practice. The reason is that for the de-
cay case, the coupling y, is required to be very small, <1010
(cf. Section 3.2). For comparison, the HNL couplings to the SM
fermions, governed by the Dirac Yukawa couplings, are typ-
ical of the order of 10~ for the canonical seesaw case (for a
100 GeV-scale HNL) and can be much larger for larger Im|z].
Therefore, the HNL decay into the SM final states, either two-
body (for My > myy) or three-body (for My < myy), is always
expected to be dominant over the new channel N — x¢. We
have numerically checked that for the parameter space we are
interested in here, BR(N — x¢) can be at most of the order
of 1075 for lighter HNLs, and much smaller for heavier HNLs.
Therefore, we do not expect any observable excess in the HNL
invisible decay mode (due to N — x¢) over the standard one
(N — 3v).

It is also possible to directly produce ¢ at hadron collid-
ers via gluon fusion, gg —+ h — @@, using the trilinear cou-
pling Apg,. This is very similar to a generic SM-singlet scalar

search at the LHC; see, e.g., [87]. However, the production
cross-section will be heavily suppressed not only because of
the loop-induced Higgs production channel but also due to
the requirement that Ay, < 1072 in order to prevent ¢ from
coming into thermal equilibrium with the SM plasma (cf. Sec-
tion 4). Therefore, the collider prospects of ¢, for instance, in
the monojet channel, are not so promising in our case. Before
concluding, we note that the freeze-in scenario considered here
can in principle also lead to some DM direct detection as well
as indirect detection signatures. As for direct detection, it will
be induced by a loop-induced effective DM coupling to the
Z-boson [22, 52]. However, for the y, values considered here,
the corresponding direct detection cross sections turn out to be
many orders of magnitude below the current constraints [88].
As for indirect detection, promising prospects were discussed
in [19] for the freeze-out scenario; this, however, is not the case
for our freeze-in scenario where the DM annihilation process
is not that efficient, simply because of the huge suppression of
the DM number density by the factor of i, /n Xq as compared to
the freeze-out case. On the other hand, the neutrino flux from
@ decay might be accessible in high-energy neutrino experi-
ments [33].

6. CONCLUSION

We have looked into the possibility of probing freeze-in DM
coupling via the heavy neutrino portal. We have minimally ex-
tended the type-I seesaw scenario with the addition of a gauge-
singlet fermion x and a real singlet scalar ¢. Both ¢ and x
are considered to be odd under some stabilizing Z, symme-
try and the fermion y is considered to be the viable DM candi-
date given m, < mgy. The DM only talks to the SM sector via
its coupling to the HNLs of the form y, Nx¢. Depending on
whether My is lighter or heavier than the sum of m, and m,,
the DM can be produced nonthermally either from the decay of
the HNLs, considered to be part of the thermal bath, or via 2-
to-2 scattering of the SM particles mediated by the HNLs. This
is referred to here as the heavy neutrino portal freeze-in. Using
the Casas-Ibarra parametrization to satisfy the neutrino oscilla-
tion data with two HNLs, we are left with four free parameters
of the model: the DM mass m,, DM Yukawa coupling with the
HNL yy, the mass of the new singlet scalar 14, and the lightest
HNL mass Mj.

We find that the requirement for freeze-in production of
DM (together with the Planck-observed relic abundance) neces-
sarily requires the DM Yukawa coupling v, < 10710 in case the
DM is produced from the on-shell decay of the HNL, while for
scattering this bound can be significantly relaxed to y, < 1077
because of the involvement of HNL Yukawa couplings with
the SM. Assuming sizable active-sterile neutrino mixing with
HNL mass lying in the MeV-TeV range, our HNL portal sce-
nario can fall within the reach of several current and future
facilities, including collider, beam-dump, and forward physics
experiments, which typically look for feebly coupled HNLs, as
shown in Figures 2 and 3. This, in turn, provides a complemen-
tary window to probe the freeze-in DM parameter space.
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