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We explore the possibility of probing freeze-in dark matter (DM) produced via the right-handed
neutrino (RHN) portal using the RHN search experiments. We focus on a simplified framework of
minimally-extended type-I seesaw model consisting of only four free parameters, namely the RHN mass,
the fermionic DM mass, the Yukawa coupling between the DM and the RHN, and a real singlet scalar
mass. We consider two cases for the DM production either via decay of the thermal RHN or via scattering
of the bath particles mediated by the RHN. In both cases, we show that for sub-TeV scale DM masses, the
allowed model parameter space satisfying the observed DM relic density for freeze-in scenario falls within
the reach of current and future collider, beam dump and forward physics facilities looking for feebly

coupled heavy neutrinos.
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I. INTRODUCTION

The nature of dark matter (DM) remains mysterious and
one of the most important questions in fundamental physics
today [1]. On one hand, we have overwhelming evidence of
DM as the dominant matter component of our Universe
today from a plethora of cosmological and astrophysical
observations [2]. On the other hand, there is no firm
evidence for DM coupling to the Standard Model (SM)
sector except via gravity. No matter how nongravitational
DM interactions may manifest, it would require some
beyond the SM (BSM) physics to provide a suitable particle
DM candidate [3].

Among various possible DM candidates, the weakly
interacting massive particle (WIMP) [4] paradigm has
gained a lot of attention so far, thanks to its miraculous
property of being able to reproduce the observed relic
abundance via weak-scale interaction cross sections for a
wide range of DM masses [5,6]. In spite of being so
appealing, the strong experimental constraints (from direct
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detection, indirect detection, and colliders) on the typical
WIMP parameter space [7,8] have recently motivated quests
for DM beyond the standard WIMP paradigm [9].

Since DM is electrically neutral, a simple alternative
to the WIMP paradigm (where the DM is typically the
neutral component of an electroweak multiplet; see, e.g.,
Ref. [10]) 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) [11-22], spin-1 (vector
portal) [23-34], or spin-1/2 (neutrino portal) [25,35-63].
In this paper, 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 [64].

A simple realization of the neutrino portal relies on DM
interactions being mediated by SM gauge-singlet right-
handed neutrinos (RHNSs), also known as the sterile neu-
trinos or heavy neutral leptons in the literature. The RHNs
are well motivated from the type-I seesaw mechanism for
neutrino mass generation [65—70]. Depending on their mass
and Dirac Yukawa couplings, which together determine
their mixing with the SM neutrinos, the RHNs 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 RHN searches, see e.g. Refs. [71-73]. In
this paper, we show that the same RHN parameter space that

Published by the American Physical Society
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can be probed in future experiments can also reproduce
the observed DM relic density, if the RHNs are the only
mediators between the SM and the DM sectors. In addition,
we will assume that the portal couplings to the dark sector
are sufficiently small so that the DM never reaches chemical
equilibrium with the thermal bath. In this case, the DM is
slowly populated in the Universe by either decay or
annihilation processes involving the RHNs, until the pro-
duction ceases due to Boltzmann suppression as the Hubble
temperature drops below the RHN mass. Therefore, this is a
freeze-in, or feebly interacting massive particles (FIMP)
DM scenario [74,75], in contrast with the freeze-out
scenario for WIMPs. Due to their tiny interaction strength
with the visible sector, FIMPs are inherently very difficult to
search for directly in conventional DM direct detection,
indirect detection, or collider experiments.l However,
unlike freeze-out, for freeze-in one typically looks for
signatures 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
[78]. Other examples involving properties of the individual
BSM models like kinetic mixing [76], temperature cor-
rections [79,80] and scale-invariance [81,82] have been
proposed for freeze-in mechanism that can be searched
for in direct detection experiments as well. Similarly, a
nonstandard cosmological era can also make freeze-in
sensitive to indirect detection [55].

In this paper, we show that the RHN portal effectively
provides a complementary laboratory probe of the FIMP
DM scenario. Although we study the minimal type-I
seesaw for concreteness, our prescription for RHN-portal
searches is generic and can also be applied to other neutrino
mass models, such as inverse seesaw [83] and radiative
models [84,85], as well as to other dark singlet fermion
portal models (see e.g. Refs. [86-88], and references
therein). The main novelty of our analysis is the projection
of FIMP DM-allowed parameter space onto the RHN mass-
mixing plane, which makes it straightforward to correlate
the RHN-portal freeze-in parameter space with the exper-
imental detection prospects at the RHN-frontier.

The rest of the paper is organized as follows. In Sec. 11
we have introduced the details of the RHN portal freeze-in
DM model under consideration. We then discuss the DM
phenomenology in Sec. III, where we elucidate the sensi-
tivity reach of present and future experiments in probing
the relic density allowed parameter space, possible collider
search prospects for this model is discussed in Sec. V, and
finally we conclude in Sec. VI. Freeze-in reaction densities
are presented in Appendix A, relevant RHN decay widths,

'Direct detection prospects of FIMP-like DM have been
discussed in, for example, Refs. [76,77].

together with DM production cross sections are listed in
Appendices B and C respectively, finally, production cross
sections for ¢ are reported in Appendix D.

II. THE MODEL

We extend the SM particle content with the addition of

the following:

(i) SM gauge-singlet RHNs N;. We need at least two
RHNs (i.e., i =1, 2) in order to reproduce two
nonzero mass-squared differences, as observed in
neutrino oscillation data, using the seesaw mecha-
nism. For our current interest, a hierarchical spec-
trum can be assumed, so that only the lightest RHN
N; will be relevant for us.?

(i1) A gauge-singlet Majorana fermion y which serves as
the DM candidate. Note that a Dirac fermion would
also serve the purpose, but at the expense of doubling
the degrees of freedom.

(iii) A real singlet scalar ¢ which is needed to connect the
DM to the RHN portal.

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

_ 1 _
=L, = (Yp)LaHIN; + 5 (My) ;NiN; +He., (1)

where L and H are the SU(2), lepton and Higgs doublets
respectively, and a =e, u, 7 is the flavor index. The
interaction Lagrangian for the dark sector containing the
singlet Majorana DM y and the real singlet scalar ¢ reads

—Lguk = ¥, Ny + mxx +V(H,p) +He., (2)

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

Once the SM Higgs doublet gets a nonzero vacuum
expectation value (VEV)

B0

’If the RHN mass is the keV range and its Yukawa couplings are
sufficiently small, then it could be a DM candidate itself [89-91],
but here we are interested in the Yukawa couplings relevant for
seesaw and potentially accessible in laboratory experiments.
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with v ~ 246 GeV, we obtain the Dirac mass matrix
Mp = Yp(H). The singlet scalar ¢, on the other hand,
does not acquire a VEV, and therefore, there is no mixing
between the DM and the RHNs. The Lagrangian in Eq. (1)
in the flavor basis then reads

—@=%(W N)M(;LC)—FH.C., )

where the mass matrix can be realized as

M:( 0 MD)’ 5

ML My
that can be diagonalized using a unitary matrix U:
Mdiag == L{T.M.Z/{, (6)

obtaining masses of the neutrinos in the physical basis.
We work in a basis where My is diagonal, i.e., My =
My = diag(M,M,), and express the Yukawa matrix
following the Casas-Ibarra (CI) parametrization [92] as

V2
YDZT MNR\/muU;MNs’ (7)

with Upyns being the PMNS matrix that diagonalizes the
active neutrino sector (ignoring any nonunitarity effects)
in, = diag(m,, m,, m3), while R is an arbitrary complex
orthogonal rotation matrix with R’R = 1. In the minimal
seesaw scenario with two RHNs [93], considering either
normal hierarchy (NH) or inverted hierarchy (IH) among the
light neutrino masses, one can define the rotation matrices
accordingly as

0 cosz sing
|]%NH - . )
0 —sinz cosz

cosz —sinz O
Ry=|{ . , (8)
sinz cosz O

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:
1 17
() =(5) ©
N¢ N;

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

of MDM;]l)
U, U
U — ( w I./N>' (10)
UND UNN

In terms of the CI parametrization [cf. Eq. (7)], to leading
order, we find [55,94]
Uy =~ Upmns
Uy~ MpMy' = \/EUPMNS\/m_uRTMI_VI/z,
Uy, ® =My'MpU,, = —2My" >R/,
Uyn =1, (11)

The charged current interaction vertices are then modified as

9 > - .
Lo D —= [(Uw)aifLaJ’”Vi + (UuN) i€ La?" N + H-C-} W,

V2
(12)

(g being the SU(2), gauge coupling strength), whereas the
neutral current interaction vertices are modified as

LneD [(UZVUUV)ijDi}/MUj + (UZNUUN)klNkyﬂNZ

2cos6,,

+(UINUL) iNir'vi + (UzUUuN)ikDiyﬂNk} z,, (13)

where 6,, is the weak mixing angle and we have utilized
ulyMp = i, U, and UlyMp = MyU] . Similarly, the
DM-neutrino interaction Lagrangian can be written in the
physical basis as

Lk :)yZZ[(UIY;/u)kiDi(p)(+ (U;/N)ijjg”)(] +Hc. (14)
3

The renormalizable scalar potential [cf. Eq. (2)] involving
the two scalars of the theory, namely, {¢, H} is given by

V(H,p) = —u}(H'H) + Ay (H'H)? + 12 + 1,0*
+AH(p(p2(HTH)' (15)

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

21)2/11.1 0
M2 - 0 /l 2 2 ) (16)
H(/)U + 2/"(/}

where the two terms can be identified as the squared mass of
the SM Higgs h and the singlet ¢ respectively.

III. FREEZE-IN PRODUCTION OF DARK MATTER

In the present set-up the DM can be produced via: (a) on-
shell decay of RHN if My > m, +m,, or (b) 2-to-2
scatterings mediated by RHN. In case where the decay
is present, the scattering will be sub-dominant (which we
shall show in a moment), hence in the following we treat
DM production from decay and that from scattering

035037-3
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FIG. 1.

separately. We assume that the lightest RHN N, 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 RHNs thermalize with the SM particles during
the freeze-in production. As argued in Ref. [95,96], in low-
scale type-I seesaw models with three extra sterile states,
full thermalization in the early Universe is always reached
for three RHN states if the lightest neutrino mass is above
O(1073) 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 RHNSs. The principal
assumption for freeze-in is to consider that DM abundance
was zero in the early Universe and then the DM is produced
gradually from the thermal bath with time via feeble
renormalizable interactions—the so-called infrared (IR)
freeze-in mechanism; see e.g. Refs. [74,81,97—103].3

In the present scenario following are the relevant DM
production channels:

(i) Decay: N| — yo.

(i) s-channel RHN mediated scattering: LH — yo,

VL = yop with Ve W*, Z.

(iii) #-channel @ mediated scattering: NN — yy.
The corresponding Feynman graphs are shown in Fig. 1.

Now, 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., ¥, =n,/s.
The BE can then be expressed in terms of the reaction
densities as

3This is in contrast with the ultraviolet freeze-in, where the
dark and visible sectors are coupled only via nonrenormalizable
operators [104].

Ny X

Ny X

Relevant dark matter production channels via 1-to-2 decay (top) 2-to-2 scattering processes (bottom) involving the RHNs.

ay,
XHSE = Yann T Y decay> (17)

where x =m, /T is a dimensionless quantity. The com-
plete expressions for the reaction densities y;’s can be
found in Appendix A. Since we investigate a feebly
coupled sector, the back reactions in the DM production
processes can be neglected [74].

A. Comparison of the rates

It is important to ensure that the DM does not thermal-
ize with the SM bath in the early Universe, which is the
primary requirement 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 (I'y_,,) <M. This is shown in the top left panel of
Fig. 2, where we see the DM production can remain
out-of-equilibrium till 7~ O(MeV) (unshaded region).”
Here we have defined the thermally averaged decay width
of RHN into DM as

<FN—>W> = FN—WX%v (18)

where I'y_,,, ~ y2M,/(8x); My > m,, , is the decay width
of N, into DM (see Appendix B for full expression) and
K , are modified Bessel functions. This condition, in turn,
puts a constraint on the DM-RHN coupling y, . Note that, for
lighter M; the DM remains out-of-equilibrium for a longer
period of time before it equilibrates, since in that case the
decay width becomes comparatively smaller, making the
decay lifetime longer. In order for the freeze-in production

*Within the shaded region the DM can undergo thermal freeze-
out, leading to a different production mechanism altogether.
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FIG. 2. Top left: comparison of the thermally-averaged decay rate (I'y_.,,) with the Hubble expansion rate 7 in the (7' y,) plane for
fixed m,, ,. Top right: decay rate in the (T, m,) plane for a fixed y, = 107'* and m,, = 2m,,. Bottom: decay rate in the (m,, y,) plane for
afixed T'=1 GeV and m, = 2m,,. The different curves are for different choices of M. In all cases, the shaded regions correspond to

(Tdecay) > H, where freeze-in is not applicable anymore.

via decay to stay nonthermal till 7~ 1 GeV for M; =
1 TeV, one needs a very small y, <107, The out-of-
equilibrium condition is independent of the choice of M till
T ~ 10 MeV for a fixed y, = 107, as we notice from the
top right panel. One cannot ensure the nonthermal produc-
tion of the DM (via decay) below this point, irrespective
of the choice of the masses M, m,. The dashed vertical
lines in the top panel show that for m, =1 GeV and
M, = 10 GeV, the nonthermal production is guaranteed

for T 2 1 MeV, with y, = 10~'2. This constraint, however,
becomes more stringent for a heavier RHN, as that results in
a larger decay rate following Eq. (18). For M; =1 TeV,
nonthermal production is valid for 7 Z 100 MeV with
y, $107'°, as one can see from the top right panel.
Finally, in the bottom panel we depict the allowed region
of the parameter space in (m,,, y, ) plane for different choices
of M,. We again note that the condition for freeze-in
production is satisfied even at T = 1 GeV for y, < 107'°.

035037-5
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Since we are only considering M| < 1 TeV for phenom-
enological purposes, we choose the lower bound on temper-
ature to be 7' 2 100 MeV to ensure nonthermal production
from decay for y, < 107'%. Needless to mention, to ensure
[gecay < 'H at temperatures even below 1 GeV, one has to
choose y, even smaller. For M, of mass ~MeV, this upper
limit on y, can be relaxed since in that case the decay width
itself is small enough to keep the DM out of equilibrium.
Considering a conservative limit, we will thus keep our-
selves confined to y, < 107'% in computing the DM yield
via decay.

For DM production via scattering, we compare the
rates of 2-to-2 scattering processes with the Hubble rate.
The reaction rate for scattering process is given by R =
Neq(OV) = Yann/Neq» Where we consider n,, to be the
equilibrium number density of the SM particles in the
initial state. In this case the bound on y, can be significantly
relaxed, as one can see from Fig. 3. Note that, for y, = 1077
the processes can safely be considered to be out of
equilibrium even at high temperatures. This is expected
since the thermal averaged production cross section (ov)
|Upnmns U,y |*y2 in this case. In the high temperature regime
(T Z 1 TeV) when the electroweak symmetry is exact, all
the SM particles can be assumed to be massless. We would
like to mention here that although the 2-to-2 scattering rate
depends on the DM mass, but with y, < 1077 we stay safely
below the Hubble rate for 7 > 10° GeV. For the scattering
channels, therefore, a conservative limit on Yy <1077,
which is about three orders of magnitude relaxed than that
considered for the case of decay.

In the presence of DM production both via decay and
scattering, the contribution from decay generally wins in
the lower temperature region, where IR freeze-in becomes
important. In order to establish that, in Fig. 4 we show the
reaction densities y; as a function of bath temperature 7" for
the case when only scattering is allowed (in the left panel),

M;=1GeV, Im[z]=1

106,

1074

10711

Yi/Neq [GeV]

10724t

10734 L L L
1000 109 101! 1018

T [GeV]

105 107

FIG. 3.
m, = 2m

ie., M, < m, + m,, and where both scatterings and decays
are allowed (in the right panel). Here we find, in presence of
both, the decay indeed dominates in the low temperature
regime. Since we are typically considering the IR freeze-in
scenario, where the DM yield becomes important at later
times (low temperatures), hence in case where the decay
channels are open, we can ignore the 2-to-2 DM production
channels. Therefore, our analysis will be divided into two
categories: (a) My > m, + m,, for which the DM produc-
tion from decay is dominant, and (b) M; < m, + m, for
which DM production from scattering is important (the
decay is kinematically forbidden). Before moving on we
would like to mention that the present model provides four
free parameters (we fix the Higgs portal coupling 45,, as we
will elaborate later): {M,,m,,m,,y,}, which determine
the viable parameter space for the DM.

B. DM production via RHN decay

For M, > m, +m,, the DM production channel from
RHN decay is kinematically available. The asymptotic DM
yield can be analytically computed by integrating Eq. (17)

4059]\1 SMPFN N
Y){(T — 0) ~ > E 21 xe N
dr g*m/g*p M1

(19)

where gy = 2 is the number of degrees of freedom for
RHN. Here g,, and g,, are the effective number of
relativistic degrees of freedom contributing to the entropy
and energy density respectively, while Mp is the reduced
Planck mass. The relic abundance at present epoch T = T,
can then be obtained using

Q1% = (275 x 10°) <£—)§/> Y,(To).  (20)

M;=100GeV, Im[z]=1

106,

1074

YilNeq [GeV]
=)
]
=

H

g
ne
L

10734 L L L
1000 109 10! 1013

T [GeV]

10% 107

Comparison of 2-to-2 scattering rate (red) with the Hubble rate (black dot-dashed line), considering m, = 50 GeV,

" ,» My =1 GeV (left) and M, = 100 GeV (right). The solid (dashed) red curves correspond to y, = 1073(1077).
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FIG. 4. Left: reaction densities for only 2-to-2 scattering channels. Right: comparison of reaction densities due to scattering and decay
(black, dashed curve). All relevant parameters are kept fixed at the values mentioned in the plot labels.

which needs to satisfy the value as measured by Planck:
Qpyh? = 0.11933 4 0.00091 [105]. We find that right relic
density can be obtained for y, ~ 7 x 107! for a DM mass of
m, = 1 GeV with M; = 10 GeV and m,, = 2m,. Note that
the size of the coupling y, typically falls within the ballpark
where nonthermal DM production is viable [cf. Fig. 2]. The
contours of the observed relic density with different choices
of the masses of the decaying RHN are shown in the top left
panel of Fig. 5 for a fixed y, in (m,, m,,) plane. For a fixed
M, the contours stop at a particular DM mass since beyond
that the decay is kinematically disallowed. With increase in
M, it is possible to obtain the correct relic density for larger
m, for a fixed y, since ¥, o 1/M as one can see from
Eq. (19) (on using the decay width from Appendix B). On
decreasing the DM Yukawa coupling y,, for a fixed M, one
expects to obtain the right abundance for a larger DM mass.
This is reflected in the top right panel, where we have chosen
V= 107!, A part of the parameter space becomes for-
bidden where m, < m,, making the scalar ¢ as the lightest
dark sector state with odd Z, symmetry. In the bottom panel
of Fig. 5 we show contours satisfying relic abundance in
(My.y,) plane (left) for fixed m, = 50 GeV and (m,,y,)
plane (right) for m, = 2m,. In (M,,y,) plane we show
contours corresponding to some fixed choices of the DM
mass m,. We see that a larger DM mass requires a smaller y,
to produce the required abundance, as already seen from the
top panel. For y, 2 107'% the DM can thermalize in the early
Universe as mentioned earlier and freeze-in is no longer
viable. The kinematical cutoff in each contour, as shown by
the lines parallel to the vertical axis, corresponds to the value
of M, below which N, decay is not possible. Finally, the
bottom right panel summarizes the allowed DM parameter
space in (m,,y,) plane for a fixed m,, where a larger M,
produces observed relic for a larger coupling. It is important
to note here that for M; < O(MeV), the DM mass has to be
extremely light for larger y, to satisfy the relic abundance.

However, this is constrained from the measurements of the
free-streaming of warm DM (WDM) from Lyman-a flux-
power spectra [106-109] that only allows DM mass
27.5 keV. This is depicted as the Lyman-a bound. This
bound is slightly stronger than the theoretical bound on
fermionic DM from phase-space considerations—the so-
called Tremaine-Gunn bound [110]. For smaller y,, 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. It is important to note here
that RHN masses below 1 GeV will also be constrained
by BBN [111-113]and CMB [114,115] if, depending on the
active-sterile neutrino mixing, their lifetime is longer than
about 0.1 sec. However, since we are only dealing with the
DM coupling y, in this plot, the cosmological constraints on
RHN are not shown here, which can always be satisfied with
the appropriate choice of the active-sterile mixing.

To obtain the net parameter space for the DM satisfying
relic abundance we scan over the DM and RHN masses,
while keeping m, = 2m, and fixing the DM Yukawa
coupling y, = 107'°, ensuring the DM production via
decay remains nonthermal as discussed earlier. We also
fix Re[z] = 0.1, and vary Im[z] €[0.1,7.0] in the CI para-
metrization [cf. Eq. (7)] for the Dirac Yukawa coupling.
Note that Im[z] = 0 would be the canonical seesaw case
with very small active-sterile neutrino mixing, which is
shown by the lower black dashed line in Fig. 6, 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 [116]. Since the DM coupling y, that
controls the relic abundance is uncorrelated with the RHN
Yukawa coupling for the decay scenario (except for the tiny
change in the RHN decay width), hence for a given choice
of y, satisfying the relic density, it is always possible to
have a viable parameter space in the RHN mass-mixing
plane for the DM, which also satisfies the light neutrino
mass constraints. This is shown by the green shaded regions
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Top left: contours of different colors satisfy the central value of the observed relic density for different choices of RHN masses

fory, = 1071°, Top right: for Yy = 107!, In both plots, the gray-shaded region is for m, < m, in which case y is no longer the DM.
Bottom left: relic density contours for different choices of DM masses for m, = 50 GeV in (M, y,) plane. Bottom right: different
contours correspond to right relic abundance for different choices of M for m, = 2m,,. The gray-shaded regions are forbidden from DM
thermalization condition via decay and the Lyman-a bound (see text).

in Fig. 6: the upper left panel for electron mixing (here U,y
stands for (U,y),,), the upper right panel for muon mixing
and the bottom panel for tau mixing. The choice of y, is
motivated from the bottom left panel of Fig. 5 to ensure that
the DM production takes place via freeze-in.

Also shown in Fig. 6 are the current RHN exclusion
regions (gray shaded) from various cosmological observa-
tions (such as BBN, CMB, Lyman-a), as well as laboratory
constraints (such as beta decays, meson decays, beam-dump

searches, precision electroweak tests, and direct collider
searches); see Refs. [72,112,117-121] for details.’The
future RHN sensitivities are also shown (unshaded curves)
for comparison. We see that part of the DM relic density
allowed parameter space for Im[z| = 1 lies within reach of
future sensitivity of beam dump and collider experiments.

>The data used for plotting the constraints is available on the
website www.sterile-neutrino.org.
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FIG. 6. FIMP DM region superimposed on the RHN parameter space in the plane of RHN 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 RHN parameter space for
normal hierarchy of neutrino masses. Here we have fixed y, = 10719 to ensure nonthermal production of DM. The black-dashed
diagonal lines correspond to the seesaw lines for Im[z] = 0 (lower) and Im([z] = 7 (upper). The gray-shaded regions are excluded by
various RHN constraints. The future RHN sensitivities are also shown for comparison. See text for details.

Because of M;,l/ * dependence [cf., Eq. (11)], a larger M,

satisfies the light neutrino mass for comparatively lower
|U,n|?, while the |U,y|* coupling is boosted for higher
Im[z], improving the experimental reach. As we have
already seen in Fig. 5, a larger DM Yukawa requires a
lighter DM to produce the observed abundance, which is
constrained from the WDM limit due to Lyman-a con-
straints. Here we have considered the conservative limit of
7.5 keV on fermion DM mass. This is shown by the black
vertical line that forbids M; < 1 MeV in the decay scenario
[cf. Fig. 5]. Our analysis presented here is for NH; we have
repeated the same analysis for [H, however we do not show
them here since there is no visible change in the resulting
parameter space. On considering a smaller DM Yukawa
coupling, the parameter space remains unchanged, except

that the WDM bound does not apply anymore since the DM
mass is always found to be above the keV scale to satisfy the
relic density bound.

C. DM production via RHN scattering

Next, let us take up the case where M| < m, + m,,
making only the 2-to-2 processes available for DM pro-
duction. Because of both s and ¢ channel contributions
[cf. Fig. 1], it is difficult to obtain an exact analytical
solution of the BEs in this case. Nevertheless, an approxi-
mate analytical solution to the BEs for freeze-in production
via scattering has been obtained in Ref. [45] in the limit
My < m, ~m,. As one can notice from Fig. 4, although
the #-channel process has a negligible reaction rate com-
pared to the s-channel process at high temperatures, but at
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FIG.7. Top left: relic density allowed parameter space in the (M, m,) plane where the two colors correspond to different ranges for y,
as shown in the plot. Top right: allowed parameter space in the (m,, y, ) plane, where different colors denote different RHN mass ranges.
Middle left: allowed parameter space in the (|U,y|*.y,) plane. Middle right: allowed parameter space in the (M, y,) plane. Bottom
center: Allowed parameter space in the (|U,y|?.y,) plane, where the two different colors are for Im(z] = 0 (red) and Im[z] = 1 (blue).

lower temperature they become comparable. Since for IR
freeze-in the DM yield at lower temperatures is important,
hence we must include contributions from both channels in
the present scenario. This can also be understood in the
following way: The final DM yield and hence relic
abundance has a yf(Y 2 dependence on the couplings for
the s-channel process, while for #-channel process this
dependence becomes yj}. This has also been elaborated in
Ref. [45], where it was shown that the contribution of the
heavy neutrino scattering processes account for ~80% of

the produced DM in case of y, % Y. In our numerical
analysis we take into account both s and #-channel-
mediated processes without any prejudice, since Y can
vary over a large range from about 108 to 1072, depending
on the values of Im[z] and M.

We explore the relic density allowed parameter space for
the DM in Fig. 7. in the top left panel, the scattered points
show the parameter space satisfying the observed relic
abundance in the (M,,m,) plane for Im[z] = 1, where
the two different colored points indicate different ranges
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FIG. 8. Similar to Fig. 6 but for the 2-to-2 scattering case. Here we have considered NH and fixed y, = 1077. The dashed black line

corresponds to the canonical seesaw case with Im[z] = 0.

for the y, values. Note that for larger m, a smaller y, is
required for satisfying the relic bound as Q,h? « y2m,. In
the top right panel we project the allowed parameter space
in the (m,,y,) plane also for Im[z] = 1, where different
colored points correspond to different M; mass range. For a
fixed DM mass as we increase y,, we need to go to larger
M, to satisfy the observed abundance, as that corresponds
to smaller yy [cf. Eq. (11)]. The same is true for a fixed y,
as we go to heavier DM mass since in that case over
abundance 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, all points tend toward smaller y,
to satisfy the relic bound. It is important to note here that for
the chosen range of y,, the DM is always safe from WDM
limit unlike the case of decay. We illustrate the viable DM
parameter space in the coupling plane in the remaining
panels of Fig. 7. The middle left panel shows the

(|U.n|*y,) plane for different choices of the DM mass
and fixing Im[z] = 1. Here we see that small values of y,
require heavier DM to satisfy the relic density constraint as
Q,h* & m,,(y,yy)?. On the other hand, lowering y, moves
the parameter space toward right, i.e., larger |U,y|* to
compensate the under abundance accordingly. We see the
exact opposite behavior in the middle right panel for
the (M,,y,) parameter space as U,y ocM;,l/ 2. Finally,
in the bottom panel, we show the relic density in the
(|U.n|*y,) plane for two different values of Im[z]. For
small Im|z], the allowed points shift to smaller values of
|U,n|?. As expected, similar behavior also holds in case of
|U,n|* and |U,y|?, hence we do not show them here.

We now cast the allowed DM relic density parameter
space in the 2-to-2 scattering case onto the RHN parameter
space in Fig. 8. We project all the relevant limits in
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|Ugn|> = M, as we did in case of decay [cf. Fig. 6]. Here
we find that the viable parameter space gradually dimin-
ishes toward the right, making a wedgelike shape. This is
attributed to the fact that in order to have dominant
contribution from scattering, we confine ourselves only
in the region of the parameter space where M, < m,,, which
kinematically forbids the decay channel since we have
chosen m, =2m,. 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 y, in this case,
that can still reproduce the correct abundance with a smaller
vy, without lowering the DM mass. In case of decay this
was not possible 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 RHNs can carry new sources of CP
violation, and their out-of-equilibrium decays can produce
a lepton asymmetry, which can then be transferred to a
baryon asymmetry by the electroweak sphalerons—this is
the standard leptogenesis mechanism [122]. Although the
vanilla leptogenesis requires RHN mass to be way above
the electroweak scale (>10° GeV) [123], low-scale lepto-
genesis with RHNs accessible to laboratory experiments is
also feasible, either via resonant leptogenesis [124,125] or
via RHN oscillations [126,127] or both [128]. Therefore,
in the present scenario it is possible to have a simultaneous
explanation of DM relic density and baryon asymmetry
since both rely on the interactions of the RHNs. For
instance, as has already been discussed in Refs. [128,129],
it is possible to have successful leptogenesis considering
two nearly degenerate RHNs in the GeV range, with
|UI? =Y, |UN? ~O(1071°-1078), which is also con-
sistent with the DM relic density as shown in Figs. 6 and 8.

IV. THE FATE OF ¢

For completeness, let us discuss what happens to the new
scalar singlet ¢ in this model. First of all, note that ¢ is
nonthermally produced along with the DM y unavoidably
from N; decay or 2-to-2 scattering mediated by N;
[cf. Fig. 1]. On the other hand, ¢ can also be produced
from the 2-to-2 scattering of the bath particles due to the
presence of the portal interaction |H|*¢? [cf. Eq. (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 (see Appendix D).
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 portal coupling 44, will then contribute to
the Higgs invisible branching ratio BR(2 — ¢¢), and from
the most stringent LHC constraint on BR(% — invisible) <
0.145 [130] (see also Ref. [131] for a slightly weaker bound

of 0.18), we find an upper bound of Ay, <6 x 1073 for
m,, < my,/2. This is weaker than the constraint of 4, <
1077 required to keep the ¢¢ — hh process out-of-
equilibrium.

After the ¢’s are produced in the early Universe, the next
question is about their stability (lifetime). For m, > m,, ¢
always decays, via the portal coupling y,, into y, which is
our primary DM candidate. But ¢ can also be a (decaying)
DM candidate if it lives long enough. For m, < M, the
only possible decay mode of ¢ is to DM and SM final states
via off-shell RHN, viz.,, 3-body decays ¢ — yN* —
qvh vZ, y¢=W¥ for m, > my, and 4-body decays for
m,, < my where the SM bosons are produced off-shell and
further decay into SM fermions. The dependence of the
decay width on the free parameters can be approximately
obtained via dimensional analysis as

3-bod m(Sp
F(/’ YN(yZYD)2M4’ (21)
1
body | 1ay2 2000 mZ, 2
o~y Ypg(vF) (22)

M?m%v,z(m;%) ’

where Y is determined by Eq. (7). Here g is the SM
SU(2), gauge coupling and y, is the Higgs Yukawa
coupling as the 4-body decay to light fermions can take
place either via the SM weak gauge bosons W, Z or via the
Higgs boson h. Thus, the decay width (lifetime) increases
(decreases) with m,,, while it has a inverse dependence on
the RHN mediator mass. We numerically calculate the total
decay width of ¢ (taking all possible final states into
account) and obtain the corresponding lifetime 7, = I“;l as
a function of m,, as plotted in Fig. 9 for two different
choices of Im(z].

Now, the decay of ¢ into SM final states results in the
production of electromagnetic and hadronic showers of
particles that can affect the CMB and BBN data. Following
Ref. [132],6 we show constraints on ¢ mass and lifetime
appearing from energy injection into the CMB photon fluid
that impacts the overall CMB power spectra, distortion of
the CMB photon spectrum from a pure black body shape
(for the same energy injection) and late-time photodisinte-
gration reactions that can destroy the predictions from BBN.
We show these bounds in Fig. 9 for two different choices of
the fractional abundance: Q,/Q, = 1 (light gray) and 1072
(dark gray), and for fixed values of M, y, and m, as shown
in the plot. The AN constraint is also shown for
comparison, which is stronger than other CMB and BBN
constraints for lighter ¢ masses. The horizontal shaded
region denotes the ¢ lifetime being larger than the age of the

®Similar studies can also be found, for example, in
Refs. [133-136].
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FIG. 9. Lifetime of ¢ considering decays into SM and DM final
states via off-shell Ny, for Im[z] = 1 (solid red) and Im(z] =7
(dashed red). The shaded regions correspond to bounds on z,,
from CMB + BBN (Q,,/Q, = 1 as light gray and Q,,/Q, = 1072
as darker gray), and lifetime of the Universe (pink). The
horizontal dashed line shows the AN constraint, and the dotted
line shows the time of recombination. All other relevant param-
eters are fixed at values mentioned in the plot label.

Universe, 77, which makes it cosmologically stable. As one
can see from Fig. 9, the BBN + CMB constraints com-
pletely rule out the Im[z] = 1 scenario if we assume the
fractional abundance of ¢ to be one, while higher values of
Im([z] still survive. However, for subdominant contribution
of ¢ to DM abundance, even the Im[z] = 1 case is allowed,
depending on the ¢ mass. We also checked that changing
the RHN or DM mass, and the DM coupling, do not affect
our results drastically.

As for the final abundance of ¢ and whether it contributes
to the DM abundance, we show in Fig. 10 evolution of
yields of different components with z = M, /T in Fig. 10,
where we have included contributions to ¢ yield from the
SM bath and contributions to y yield from late decay of ¢.
For the relevant Boltzmann equations, see e.g., Ref. [56].
We fix the parameters in such a way that the right relic
abundance is produced for y. The N, yield (in red) follows
equilibrium distribution, while the yields of ¢ (in black) and
 (in blue) slowly build up from initial zero abundance. The
initial ¢ abundance crucially depends on the Higgs-portal
coupling 4y, In the left panel of Fig. 10, we have chosen
Any = 1072 for which the contribution from hh — @@
dominates over the contribution form N; — y¢ to the initial
abundance of ¢, as one can see from the difference in the
black dashed and blue curve for z < 1. But soon afterwards,

as the temperature drops, the N; — y@ is the only dominant
process that contributes equally to both y and ¢ abundance.’
The ¢ abundance eventually goes down once the 3-body
decay of ¢ — ySM SM (via off-shell N) is switched on,
where SM includes SM gauge bosons, leptons and Higgs
(everything that N; can decay into via mixing). This
happens at z = M, /T ~ 10'? (corresponding to a redshift
of ~2200, twice above the recombination epoch), marked
by “@3.p0ay-~ At the same time the y abundance also freezes
in. Thus for Ay, < 1072, the contribution to y abundance
from late decay of ¢ is negligibly small and can affect the y
yield only at a subpercentage level.

For the same set of parameters, except for a larger 1, as
shown in the right panel, leads to larger production of ¢ that
results in overabundance of y from the late decay of ¢.
Correct relic abundance of y can still be produced by tuning
the other model parameters (such as M, m, or y,) accord-
ingly. The same is true for the onset of freeze-in, which can
always be arranged to happen before recombination, so as to
satisfy the cosmological DM constraints.

V. OTHER POSSIBLE SIGNATURES

The standard collider signatures of the RHNs
[71,73,137,138], such as the dilepton (or trilepton) plus
missing transverse energy, either prompt or displaced
depending the Dirac Yukawa couplings, are also applicable
in our scenario. Moreover, the presence of the singlet scalar
@, in addition to the RHNs, opens up the possibility of
distinguishing this model at colliders from the pure seesaw
models. For M| > m,, + m,,, the branching ratios (BRs) of
the RHNs into the SM final states, i.e., N - W, vZ, vh,
get modified due to the presence of the additional decay
mode N — y¢, depending on the new Yukawa coupling y,.
Note that the same Yukawa coupling y, governs the DM
production in our FIMP scenario; therefore, measuring the
BRs accurately can in principle give us a direct collider
probe of the RHN coupling to the DM. However, it turns
out to be extremely difficult in practice. The reason is that
for the decay case, the coupling y, is required to be very
small, <1070 (cf. Sec. III B). For comparison, the RHN
couplings to the SM fermions, governed by the Dirac
Yukawa couplings, are typically of order of 10~ for the
canonical seesaw case (for a 100 GeV-scale RHN), and can
be much larger for larger Im[z]. Therefore, the RHN decay
into the SM final states, either two-body (for M > my,) or
three-body (for My < my) are always expected to be
dominant over the new channel N — y¢. We have numeri-
cally checked that for the parameter space we are interested
in here, BR(N — y¢) can at most of order of 107> for

"The NN — @@ and NN — yy processes are suppressed
due to an additional power of the Yukawa coupling y, at the
amplitude level.
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FIG. 10. Left: evolution of yields ¥; = n;/s, with i €Ny, v, ¢ with z = M, /T. Right: same as left but for A, = 107, Here we fix
{M, m,, m,} ={500,100,300} GeV and y, =5 x 107'2, with 1y, = 107'% (left panel) and Ay, = 10~ (right panel). The gray
shaded horizontal band is where the right DM relic abundance is produced for y.

lighter RHNs, and much smaller for heavier RHNSs.
Therefore, we do not expect any observable excess in
the RHN invisible decay mode (due to N — y¢) over the
standard one (N — 3v).

It is also possible to directly produce ¢ at hadron colliders
via gluon fusion, gg = h — @¢, using the trilinear coupling
Any- This is very similar to a generic SM-singlet scalar
search at the LHC; see, e.g., Ref. [139]. 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, < 1073 in order to
prevent ¢ from coming into thermal equilibrium with the
SM plasma (cf. Sec. IV). 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 [45,76]. 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 [140]. As for
indirect detection, promising prospects were discussed in
Ref. [42] 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
n,/ny' as compared to the freeze-out case. On the other
hand, the neutrino flux from ¢ decay might be accessible in
high-energy neutrino experiments [56].

VI. CONCLUSION

In this work we have looked into the possibility of
probing freeze-in DM coupling via the heavy neutrino
portal. We have minimally extended the type-I seesaw
scenario with the addition of a gauge-singlet fermion y
and a real singlet scalar . Both ¢ and y are considered to be
odd under some stabilizing Z, symmetry and the fermion y

is considered to be the viable DM candidate given m,, < m,,.
The DM only talks to the SM sector via its coupling to the
RHNs of the form y,Ny¢. Depending on whether My is
lighter or heavier than the sum of m, and mg, the DM can be
produced nonthermally either from the decay of the RHNSs,
considered to be part of the thermal bath, or via 2-to-2
scattering of the SM particles mediated by the RHNSs. This is
referred to here as the heavy neutrino-portal freeze-in. Using
the Casas-Ibarra parametrization to satisfy the neutrino
oscillation data with two RHNs, we are left with four free
parameters of the model: the DM mass m,, DM Yukawa
coupling with the RHN y,, mass of the new singlet scalar
m,, and the lightest RHN mass M.

We find that the requirement of freeze-in production of
DM (together with the Planck-observed relic abundance)
necessarily requires the DM Yukawa coupling y, < 1071
(Fig. 2) in case the DM is produced from the on-shell
decay of the RHN, while for scattering this bound can be
significantly relaxed to y, < 1077 (Fig. 3) because of the
involvement of RHN Yukawa couplings with the SM.
Assuming sizable active-sterile neutrino mixing with
RHN mass lying in the MeV-TeV range, our RHN portal
scenario can fall within the reach of several current and
future facilities, including collider, beam dump and forward
physics experiments, that typically look for feebly-coupled
heavy neutrinos, as shown in Figs. 6 and 8. This, in turn,
provides a complementary window to probe the freeze-in
DM parameter space.

We finally comment that within this framework it is also
possible to accommodate low-scale leptogenesis, leading to
a common origin of freeze-in DM and baryon asymmetry
that can actually be tested.
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APPENDIX A: REACTION DENSITIES

The reaction density corresponding to 1 — 2 decay
process is given by

3
Ydecay — / H(2ﬂ)45(4)(pa —P1 - p2)f3q|M|i—>l,2
i=1

m2T" TK Al
rTH (22). (A1)

For 2-to-2 processes the reaction density reads

4
Vann = / H d]‘[,-(27z)45(4) (pa +Py—DP1— pz)faequeq‘Ma,bﬁl,ZP

i=1

T © (s —m2—m:)? —4mim?] Vs
32 4gagb1mmds \;E O'(S>ah—>12K1 T )

with a, b(1,2) as the incoming (outgoing) states and g,, , are corresponding degrees of freedom. Here f,%9 ~ exp~5/7 is the

&p;
27)32E;"

squared (summed over final and averaged over initial states) is denoted by | M, ,_,|* for a particular 2-to-2 scattering
process. The lower limit of the integration over s is s, = max [(m, + m)?, (m; + m,)?].

(A2)

Maxwell-Boltzmann distribution. The Lorentz invariant 2-body phase space is denoted by: dI1; = 0 The amplitude

APPENDIX B: RHN DECAY WIDTHS
1. 2-body decays

2M3
Uy rws = Iy [(Uw) i *(1 = 3x* + 2x5); x=My/My,
2173 2
_ _gMy T 4 6. _
Unz = 64z, (UPMNSUDN>1_J_ (1 =3x* +2x°); x = Mz/My,
My ¥ : 242
I'yoon=—"—751lU U 1- ; = My,
Ni—v;h 647:M2 ( PMNS vN)ij (1-x7) x =m,/My
y My
Voo = ORI+ 02 = (= =22 (1) 5 = my /My, /My, (BI)
2. 3-body decays (leptonic final states)
Gi
Criti, =10 A MNIUNIT (30,5, e, ):
Gz
Uertzn, = 96F3M5 |X|? KQLQR‘F%&QR) T (X, X, %p,) + (9% + g7 +64,0,(1 +29L))I(xuf] J%»xfz)};
Gt |, 2 s
veyverve, — g3 | Upns Ui | My, (B2)
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where X = U EMNS U,n(U,y) for neutral (charged) current,
and

(1=2* d
I(X,y,Z)ZIZ/ 2z _s(s—x2_y2)(1—|—22_s)
(P 8
x A(s, x2, y)122(1, s, 22)1/2, (B3)
(1-x)* ds
J(x,y,z)—24y2/ —(14+x% =)
(+2)> S
x A(s, ¥, 22) V221, 5, x%)1/2, (B4)
with
Alx,y,x) = x> 4 y* + 2% = 2xy — 2yz — 22x,
X = m,-/MN, (BS)
and g, = —1+sin?0,, gz = sin’0,, 0, being the weak

mixing angle.

3. 3-body decays (semileptonic final states)

GZ
Upp; = F;f%lUCKM|2|UDN|2M13VA(x% xp);

G2 2

FWP‘; = 6TFn-f% U;MNsUuN M?v(l _XP)2§
G2

Ly = F];_f%/|UCKM|2|UuN‘2M}3VB(x%xV);

2

G 2
L= 2—;’&/}% UlTDMNs U M?\/C(xv/’ xv); (B6)

(+)

where Pg are the neutral (charged mesons) and

Ala,b) = [(1 ta—b)(1+a)— 4a]/1(1,a, b)'/2,  (B7)

B(a,b) =[(1+a—0b)(1+a+2b)—4a]i(1,a,b)"/%;
C(a,b) = (14 2b)(1 — b)A(1,a,b)"/?, (B8)
with x; = m? /M3, f; are the meson decay constants and ky,

being the vector coupling associated with the meson as
in Ref. [71].

APPENDIX C: 2-TO-2 CROSS SECTIONS FOR FREEZE-IN

The cross sections are expressed in the limit of zero mass of the SM leptons.

1. s-channel

2 2 2

W Mi(s —my)
(g = 25652 |VpvnsUin [M%V(l — M3, /M%)

N {(s + M%)(s - mg, + mﬁ) + 4sM1m}(] [mj}, — 2m$,(s + mf() + (s — mf{)z} 1/2
(s = M7)* +TiM7 (s = M3)?
2 2T g2 2 2
Y% T M3(s — M7)(s + 2M7)

- U

‘7<S)ZU—>¢;( 768s2M%V PMNS Y vN [ (M% — M%V)

X

[l Bt =20l ) (s )

(s =37+ T30

(s —M3)

yy , [s% = 2M73, + sM3,
|U1/N|

()wempy = 3oy avm
T 3845 M3,

M3 — M3,

" {(s + M3)(s —md +m2) + 4sM1mx] [mi —2m(s+ml) + (s — mf{)T 1/2'

(s—MEF + T30,

(s = M3,)?
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2. t-channel

Yy

U(S)N1N1—>)()( = 1287s(M, —m,

)2(s = 4M7)(s = 2(M7 + my))

X {(SM% —2Mm, + 5m)2()\/(s —4m3)(s —4M7)(2(s = M3 + m3)) | + Olm3). (C2)

APPENDIX D: PRODUCTION CROSS SECTIONS FOR ¢

Xt _Amg

G(S)HH_WJ = 3075 p

/1%,(/)\/ 11— %(s - m%l + 6/15M1)%l)2

O-(s>hh—>(p(p = a2
sas /1= 2L((s = i) + T

m2 m
z;wm;.\/ (1-2) (1

A T Py V3
na? g,/ 1 = A“i‘,‘z”(s2 —4mis + 12m3)
G(S)VV->¢</; =

2
72m‘¢vs<1 —"g) 1 —ﬁ((s —m2)? +om3)

4
P > 3562, = g (M T g (AT = 5)(5 = 2007 & )

X [2\/(s—4M%)(s—4mé)(3M%—|—4M1mx—3m3,)(s—2(M%~l—m§,)) , (D1)

where N, = 1(3) is the color factor for lepton (quark) initial state, V € W=, Z for the weak gauge bosons, 1M ~ 0.3 is the
SM Higgs quartic coupling, and a ~ 1/128 is the fine structure constant evaluated at the electroweak scale.
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