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Unraveling freeze-in dark matter through the echoes of gravitational waves
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In the quest to unravel the dark sector, feebly interacting freeze-in dark matter presents an intriguing
possibility, plausibly explaining the consistent null results from various dark matter experiments. We
propose a unique imprint in the form of gravitational waves generated during the freeze-in production of
dark matter from heavy particle decay in the early Universe. This characteristic gravitational wave signature
can serve as a powerful probe for freeze-in dark matter. Our study indicates that future high-frequency
gravitational wave experiments can detect these waves, offering a novel avenue to critically test the
underlying conditions and requirements of this dark matter paradigm, which typically lie beyond the reach

of current and planned dark matter detection experiments.
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Introduction. Despite compelling evidence of its omnipres-
ence primarily relying on gravitational interactions, the
dark matter (DM) puzzle remains one of the most significant
challenges in modern physics. The weakly interacting
massive particle (WIMP) paradigm, historically the most
extensively studied and popular DM candidate [1,2], is
currently under tension from numerous DM detection experi-
ments operating at various energy and cosmic frontiers.
Consequently, numerous exciting mechanisms have been
proposed, garnering significant interest in the ongoing effort
to understand the dark sector. Notably, DM as a feebly
interacting massive particle (FIMP) [3,4] offers a natural
explanation for the observed null results thus far due to the
inherently feeble nature of its interactions with Standard
Model (SM) particles. While this offers an appealing choice,
it comes at the expense of detectability, making direct [5-7]
and indirect [8,9] detection experiments nearly impossible
probes. Alternatively, direct production of other heavier
states in an enriched dark sector can provide a limited but
exciting scope in collider experiments. In this Letter, we
present a complementary strategy to probe such DM through
gravitational waves (GWs) generated during their freeze-in
production via the decay of heavy states.

In a minimalistic setup, Higgs (H) portal scalar DM (y)
with a tiny interaction strength, characterized by the
coupling yH?y?, generally struggles to produce observable
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signatures at colliders. In contrast, a broader class of
models featuring the interaction term yX&y can yield
unconventional collider signatures. Here, X represents a
beyond standard model (BSM) mediator, £ is a SM particle,
and y denotes the DM candidate. Such a DM can be
generated in the early universe through the gradual decay of
the heavy particle X in thermal equilibrium, with its final
abundance determined by the freeze-in mechanism [3,4].
The smallness of the freeze-in coupling y ensures that the
DM remains nonthermalized with the thermal bath
throughout the evolution of the universe. Due to its
considerable interaction with SM, X can now be produced
abundantly at the collider experiment. Its subsequent decay
into DM can potentially lead to unique signatures depend-
ing on the specific model. Such DM can be probed at the
Large Hadron Collider (LHC) by exploring unique sig-
natures with displaced vertex (DVs) [10] and long-lived
particle searches (LLPs) [11].

The specific nature of DM defines the characteristics of the
BSM and SM patrticles involved in its interactions. Many
intriguing models have been previously explored based on
the yX &y interaction topology. These models can be catego-
rized as hadrophilic DM models [12-16], leptophilic DM
models [12,14,16,17], and singlet-doublet Dirac [ 18-20] and
Majorana DM models [21,22]. The characteristics of these
models are outlined in the Supplemental Material [23].

Each of the models detailed above has been investigated
within the context of the freeze-in mechanism, demonstrat-
ing that such models can be probed at colliders through
DVs or LLPs, at least for a suitable freeze-in coupling
strength. Furthermore, specific constituents dominating
the cosmic background of the early universe can signifi-
cantly influence DM production, potentially demanding a
revised coupling strength. For example, a popular choice of
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modified cosmology, such as a fast-expanding universe,
requires a larger interaction strength than a radiation-
dominated universe to be consistent with the relic density
constraint. This effectively alters the collider search strategy.
For instance, as shown in Refs. [15,20], DVs no longer serve
as an adequate search tool; instead, boosted jet techniques
can be instrumental for probing such scenarios due to the
accelerated decay necessitated by nonstandard cosmology. It
is important to note that collider searches primarily provide a
lower bound on the heavy particle mass, which is dependent
on the specific microscopic model.

Probing freeze-in DM via DVs at colliders necessita-
tes that heavy BSM states decay within the tracker.
Simultaneous fulfillment of this requirement and the
observed DM relic abundance typically constrains the
DM mass at the order of keV [22]." Interestingly,
the warm DM [26] within this characteristic mass range
can not only be explored through astrophysical experiments
but also directly addresses the long-standing small-scale
problems of ACDM (standard picture of cosmology) [27,28]
by suppressing the structure formation at small scale.

While collider searches can only offer a very narrow
vantage point, they cannot fully illuminate the profound
mystery of freeze-in DM scenarios. In practical terms, the
prospect remains bleak for any present or upcoming DM
detection experiments. In this Letter, we advocate an
independent and unique signature of it in the form of
the emission of GWs that can occur from the decay of
heavy particles in the early universe, an unavoidable
consequence of the minimal coupling between the SM
and BSM particles to gravity. This signature, once pro-
duced, propagates undisrupted through cosmic history and
can be detected as a new tool to investigate freeze-in DM
processes occurring in the “baby universe.” GW generation
can occur during DM production through both scattering
and decay processes, depending on which contributes
dominantly in a given model. For a simple demonstration,
we discuss GW production via decay within a model,
particularly model I or II, where DM (y) is a scalar, the
heavy particle is a vector-like fermion (X), and the SM
particles involved in this interaction are SM fermions ¢.

Graviton bremsstrahlung. Gravitons couple to the energy-
momentum tensor. Consequently, at the lowest order, a
single graviton can be emitted from any of the interacting
fields, as well as from the interaction vertex itself. In this
framework, the action describing the interaction of the gra-
viton with SM and BSM fields, derived from the Einstein-

. . . M
Hilbert action, is expressed as S D f d4x./—g[7PR+
Lsv + Loy + Lx], where g denotes the determinant of

lNotably, Lyman-a flux-power spectra data imposes a lower
bound on the DM mass, which is around 5.3 keV, by constraining
the free-streaming of DM [24]. However, the most stringent lower
mass bound for freeze-in dark matter is around 15.67 keV [25].
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FIG. 1. Feynman diagrams for graviton production.

the metric g,,, Mp(= 2.4 x 10" GeV) corresponds to the
reduced Planck mass, and R refers to the Ricci scalar.
Furthermore, Lg,; signifies Lagrangian of the SM,
while Lpy, Lx denote the Lagrangian for the DM
and X, respectively, encompassing both their mass and
kinetic terms. Applying the weak field approximation,
9w can be expanded around the Minkowski metric
’1/41/(: dlag(l’ —-1,-1, _1)) as, gyu(z’];w + (Z/MP)hm/ + )
Now, retaining the interaction terms only to the first order in
2/Mp, one obtains the following interaction term between
the canonically normalized graviton (%,,) and the stress-
energy tensor 7%" for any particle i, which denotes SM as
well as BSM particles, as [29,30] L5 D =571, 32, T
In particular, the stress-energy tensors for fermion (i = f)
and scalar (i = ¢) can be expressed as

T = 4£[fy"0”f + freotf] —n Bf?"aaf - mfff} ;
1
I = 0900 = 30 00,0~ V(a)] m

where V(¢) corresponds to the potential of the scalar field ¢.
The graviton production occurs via three-body decay of the
heavy particle X, specifically via the graviton bremsstrah-
lung without affecting the DM production via the two-body
decay of the same. Figure 1 depicts the corresponding
Feynman diagrams. The amplitude associated with the first
diagram is proportional to €, 17" (€,,, denotes the polarization
of the graviton) and hence vanishes due to the traceless
criterion of the massless graviton. Similarly, the contribution
from the second diagram also vanishes since the amplitude is
proportional to the momentum of the decaying particle
(M, x ply Px€u), and the calculation is performed in the
rest frame of the mother particle. Interestingly, both the square
of the amplitude of the third diagram and the interference
between the third and the fourth diagram are proportio-
nal to the square of the mass of the daughter fermion
(M;|?, M3 M, mg). We calculate the production of
GWs in the very early universe, prior to electroweak
symmetry breaking, when all SM particles are essentially
massless. Consequently, in the massless limit of the daughter
particles, both these contributions also approach zero.
Effectively, only the rightmost diagram contributes to grav-
iton production, provided the masses of the product particles
are negligibly small compared to the parent particle
(m,, ms << my). Under this criterion, the differential decay
width for the 1 — 3 process with graviton bremsstrahlung is
given by
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Here, F(x) = (2 —x)(1 —2x)?/x with x = E,/myx and
E, (= 2xf), the energy (frequency) of the graviton, spans
over a range 0 < E,,, < my/2 (ie., 0 <x <1/2).

Dark matter production. Before computing the GWs
production during the decay of heavy particles, it is
important to discuss the freeze-in production of DM from
the same. This will enable a clearer illustration of how the
underlying dynamics of freeze-in directly correlate with
the resulting energy density of the emitted gravitons. The
number density (npy) of the DM produced via the decay of
particle X in thermal equilibrium can be traced by solving
the following Boltzmann equation

dn
7;( +3Hn, = (I'=?)nid, (3)
where H(T)(= ”;g* A%) represents the Hubble rate during
.. . N 2 K{(my/T)\ -
the radiation-dominated era, (I''~2)(= I''~2 %) 1s2 the
thermally averaged decay width, and ni‘](:%x

K,(myx/T)) is the equilibrium number density of the
decaying particle. Here, Mp(= 2.4 x 10'® GeV), g, and
gx represent the reduced Planck mass, the relativistic
degrees of freedom of the Universe, and the degrees of
freedom of the particle X, respectively. The two-body
decay width, T'=2 = (y?/32x)my, assumes a negligible
mass for both the SM fermion and the DM particle
compared to my. Note that the annihilation of SM fermions
can also produce dark matter from the 2 — 2 scattering via
a heavy mediator, but the scattering cross section is
suppressed by y? compared to the decay. So one can safely
neglect the contribution of scattering, which in turn dictates
that GW emitted in the form of graviton bremsstrahlung is
also negligibly small compared to the same from the decay.
It is customary to rewrite Eq. (3) in terms of abundance
Y(=n/s) and dimensionless variable z(= my/T), where
s(= (2#%/45)g,,T?) corresponds to the entropy density,
with g,, being the entropic degrees of freedom. This
reformulation yields,

& _ <1’*]—>2>
dz Hz

Yy (4)

Once the final freeze-in abundance of DM is obtained
numerically by solving Eq. (4), the DM relic density can be
evaluated using the expressionz:

Qh* =2.755 x 10°m,Y ,(z — ). (5)
In principle, the Boltzmann equation should contain an extra

term incorporating the change in g,, which we have ignored since
g, remains constant throughout the evolution of our interest.

DM must satisfy the relic density constraint, QA% = 0.12
[31]. An analytical expression for the relic density can also
be derived by solving Eq. (4),

s Mpgul ™2 m, 3
VG % 2

At this point, it is helpful to examine the evolution of the
equilibrium abundance of X (Y%') and the abundance of
dark matter (Y,) as functions of x given a specific set of
parameters (m,,my,y). For a detailed illustration, please
refer to the Supplemental Material [23].

From Eq. (6), it is evident that for a fixed DM mass, the
relic density constraint imposes the condition y?/my =
constant. We have verified that the DM never thermalizes
for our choice of masses and required couplings (see
Supplemental Material [23] for further clarity). This criterion
leads to the saturation point (z,) for freeze-in being fixed at
approximately 30, irrespective of the value of my, due to the
(y* « my) relationship. If the DM mass is larger than 12 keV,
as we would examine further, the relic density constraint can
be satisfied with a smaller final DM abundance [see Eq. (5)],
thus requiring a smaller Yukawa coupling.

It is worth noting that DM production can also occur from
the out-of-equilibrium decay of a heavy particle, a scenario
distinct from the freeze-in process described above. In this
case, the heavy particle decouples from the thermal bath
while still being relativistic, and its departure from thermal
equilibrium occurs similarly to the leptogenesis scenario
[32,33]. This requires simultaneously solving the evolution
equations for both the heavy particle’s number density and
the DM’s number density [Eq. (4)]. The heavy particle
entirely decays into DM, resulting in a final DM abundance
independent of the coupling strength. The coupling, how-
ever, determines the timescale for the heavy particle’s
complete decay into DM. In this specific context, we find
that this scenario typically leads to an overabundant DM,
rendering it unviable in the present setup.

Qh? =2.755 % 10 (6)

Gravitational wave generation. We now turn to the context
of GW production via graviton bremsstrahlung from the
same decay process. As illustrated in Figure 1, the decay of
X injects energy into both the SM and dark sectors along-
side a graviton. To study the evolution of the graviton’s
energy density, we need to isolate the portion of energy
transferred to the graviton. Now, the three-body decay rate
of X can be decomposed as [34,35]

dF1—>3 —E dF1—>3 E
=3 = / e L T / B dE .
dng my d aw my
(7)

The second term on the rhs of this equation quantifies the
energy injected into the graviton from the decay of X.
Notably, the differential decay rate of the graviton is
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determined by two parameters, y and my [see Eq. (2)],
which are solely fixed by the DM relic density constraint.
Although the inclusion of three-body decay to the freeze-in
production is practically negligible, the GW spectrum and
freeze-in are intrinsically connected, as both depend
entirely on the same set of parameters. The production
and evolution of the energy density of GWs in the form of
graviton radiation can be described by the following
Boltzmann equation:

dpgw drl—)3 E w
4Hp,., = —&JE
ar TP [ / dEq, my

wlot ®

Here, py!(= ny¥'Ex) refers to the equilibrium energy

density, and Ey(= \/m% + 9T?) is the energy of X in
the thermal bath [32]. Conventionally, it is more useful to
express the evolution equation for the differential GW
energy density as various GW detectors target different
frequency ranges. With this in mind, and changing the
variable from time to the dimensionless quantity z, Eq. (8)
can be re-expressed as

d dpgw dpgw dr'=3 ng 9 .
“ 4 = L P N (
‘iz (dEgW> Ty dEy m V' T2 O

Here, GW production occurs via the three-body decay of X
and saturates at point z; once the equilibrium number
density of X is significantly diluted, mirroring the freeze-in
DM scenario discussed earlier. Once GW generation
ceases, the produced gravitons propagate freely until today,
forming a stochastic GW background. Importantly, the
energy of the produced gravitons redshifts due to the

Universe’s cosmic expansion. One can obtain the quantity
dpgy
dEg,

and its present-day value by considering the course of
redshift. The present-day GW energy density can be
evaluated using the expression,

h . dpy, Q dpew
Ol = L—ng dE, } - (TY)EQW [alEg } Y
c gwl0 pR gwls

where QY(=5.46 x 107°) represents the current relic

at the saturation point z; by numerically solving Eq. (9)

density of the photon, and E}, = Ed(ap/a,) =
EQ (P /p%)"/* refers to the energy density of the mono-
graviton at z; connected with the present energy of the
same ng =2xf. It is important to note that the upper
limits on the emitted graviton energy (Egy* = my/2)
impose an upper cut-off on the produced GW frequency.
Thus, the maximum frequency that solely depends on z, is
given by

my [ 30p% \1/4 z, .
x = —— —~3.19x 10" Hz, (11
fmax A (ﬂzg*(ZS) My X Z ( )

where p%(= (2.14 x 10~1* GeV)?) represents the present
day radiation energy density, the effective number of

relativistic degrees of freedom g¢,(z,) = g, = 106.75
derived at saturation point z; = 30. After reaching a peak
frequency of approximately 10'' Hz in our scenario, the
relic of the GW drops sharply to zero. Notably, this peak
frequency is independent of the model parameters (y, my)
(see, Supplemental Material [23] for further clarification), a
characteristic hallmark compared to GW spectra that bear
the imprints of inflationary reheating [34,36—41], heavy
particle decay [35,42], or leptogenesis [43].

For demonstrating the GW spectrum, we selected bench-
mark points (BPs) satisfying the relic density constraint for
a fixed DM mass of m, =12 keV. Our findings are
displayed in Figure 2, with three BPs satisfying the relic
density constraint. The BPs are BP1 (y = 7.133 x 1074,
my = 10'2), BP2 (y = 1.243 x 1072, my = 3 x 10'%), and
BP3 (y = 5.22 x 1072, my = 5 x 10'%). Considering that a
maximum reheating temperature is around 5 x 103 GeV,
one assumes my can be as large as that scale. Such a choice
of dark matter mass, along with the mediator mass, ranges
from 10'2 to 10" GeV and looks hierarchical, but a similar
level of mass hierarchy already exists in the SM fermionic
sector or BSM scenarios like the Type-I seesaw.

The future sensitivity ranges of space-based laser inter-
ferometer experiments and ground based experiments,
such as LISA [44], UDECIGO [45], LIGO [46] Einstein
Telescope (ET) [47], and Cosmic Explorer (CE) [48],
operating in the intermediate frequency range (107° to
10* Hz), are indicated by the color shaded regions, respec-
tively. Constraints on strain were transformed to GW energy
densities using Qg h* = f2h2/(1.26 x 107'*), where h,
refers to strain [49]. Additionally, proposed experiments
probing higher frequency ranges, spanning 10* to 10° Hz
using resonant cavity techniques [50,51], are embedded
(shown in red). Furthermore, the energy density generated
by GWs acts as radiation before big bang nucleosynthesis

1071

1075 i%
N
CE

Resonant Cavity}
Experiment

BBN + CMB excluded

COrE/Euclid

10—9<

10-*  10° 10® 10  10° 102 10%
f(Hz)

FIG. 2. GW spectrum as a result of graviton bremsstrahlung
during DM freeze-in production for three BPs and CGWB
spectrum.
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(BBN) and contributes to the effective neutrino count (N ).
Consequently, the lower limit imposed by the combined
analysis of BBN and cosmic microwave background (CMB)
data [52] on AN.;(< 0.14)) rules out the indicated grey
hatched region in Fig. 2. The future COrE/Euclid [53,54]
experiment would impose a more stringent constraint on
AN (< 0.017), which would further refine the limit, as
shown by the extended gray-shaded area. We find that the GW
energy density for my = 10'> GeV (BP-1) falls significantly
below the sensitivity regime of resonant cavity experiments.
In contrast, the GW spectra corresponding to BP-2 and BP-3
are marginally within and well inside, respectively, the GW
probing range of the aforementioned experiments. We also
note that for heavier DM, the GW spectrum shown in Fig. 2
will shift downward, as a smaller coupling is required to
satisfy the observed DM relic density. The freeze-in GW
(FI-GW) signal would coexist with the gravitational wave
produced by SM scattering in the bath, which is also known
as the cosmic gravitational wave background (CGWB).
Although revisiting such a study falls beyond the scope of
this letter, several works with a detailed framework already
exist in the literature [55-58]. In Figure 2, the CGWB
contribution is indicated through a grey line [58]. Precise
knowledge of the spectral slope, peak frequency, and endpoint
of both spectra can be instrumental for the probe. Evidently,
they provide very distinct characteristics. At lower frequen-
cies, the CGWB falls much faster, furnishing FI-GW excess
over an extensive frequency range, whereas the same spec-
trum falls slowly after reaching its peak. The characteristic
peak frequency of FI-GW is independent of my, which can be
further enhanced when modification occurs in background
cosmology [59].

In Fig. 2, we present the GW spectrum for our benchmark
values in black lines and the cosmic gravitational wave
background (CGWB) generated by the SM bath, as shown in
an orange line. Here, it is clear that our GW spectrum shows a
very distinct pattern. For the lower frequency regime, the
frequency dependence is much steeper for the CGWB
compared to our spectrum, and the CGWB spectrum falls
slowly with frequency after reaching its peak frequency,
unlike our case. Hence, the freeze-in GW signal shows a clear
excess over the CGWB spectrum in the low-frequency range.
Moreover, freeze-in GW spectra exhibit a particular spectral
slope, peak frequency, and end point at higher frequencies
distinct from the CGWB.

While Fig. 2 indicates that resonant cavity experiments
can test mediator masses for a range between 3.5 X
10 GeV and 5 x 10" GeV for a fixed DM mass of
12 keV, this observable mass range for the mediator is, in
fact, dependent on the DM mass. Figure 3 illustrates the
range of mediator masses detectable by resonant cavity
experiments as a function of the DM mass. As the DM
mass increases, a smaller coupling is required to satisfy the
DM relic density constraint. This, in turn, lowers the GW
relic density for a fixed mediator mass. Consequently, the

1016 ;
: Io.o7o
r 0.055
= S
o 5%
O 1015{ &3 L0.040 .,
> £ 4
g 28
0.025
. 0.010
10%4 - , ;
10° 10t 102 103
my (keV)
FIG. 3. Range of masses probed by the planned resonant cavity

experiment and constant with freeze-in relic density.

probable range of heavy mediator masses that can be probed
shrinks as the DM mass increases, as is evident from Fig. 3. It
is crucial to emphasize that the generated GWs cannot be
detected by the aforementioned experiments for DM masses
exceeding 2.24 MeV, which corresponds to the right corner
of the triangular region. The grey hatched region is excluded
by Lyman-a observations, which set a lower limit of 5.3 keV
on the DM mass. The dashed vertical line corresponds to a
12 keV DM mass, demonstrating the lowest and highest
points of probing the triangular region, which is also
represented by BP-2 and BP-3 from Fig. 2, respectively.
To differentiate the origins of GW spectra, it is essential to
measure these spectra and their associated peak frequencies
across various spectral ranges that are sensitive to one or
more experiments. Currently, the existing LIGO [46] and
proposed UDECIGO [45] detectors cannot detect the tail part
of the GW spectra; however, the sensitivity of laser inter-
ferometers can be improved by harnessing the full capabil-
ities of quantum sensing techniques in the future [60]. This
improvement would be necessary to reach the low-frequency
tail of the heavy particle bremsstrahlung GW spectrum. The
stochastic GW background will partially convert into pho-
tons owing to its interaction with galactic and intergalactic
magnetic fields. Interestingly, the future experiments
designed to measure spectral distortions in the CMB will
be sensitive to the excess photons resulting from this
graviton-photon conversion, thereby allowing for the indirect
detection of high-frequency gravitational waves. Voyage
2050 [61] includes a CMB spectral distortion survey with a
few nano kelvins accuracy. Observing the high-frequency
peak of the bremsstrahlung GW spectrum through CMB
spectral distortion surveys will require sensitivity improve-
ments that go beyond the capabilities of Voyage 2050 or other
high frequency GW experiments [50,51,62]. Overall, all
detectors need enhancements in sensitivity to effectively
detect the GW spectra, which is required to distinguish the
GW spectra bearing the footprints of different origins.
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Summary and outlook. Our study demonstrates the fea-
sibility of probing freeze-in dark matter through gravita-
tional waves generated as graviton radiation during DM
production through the decay of heavy particles. While this
has been shown for models with scalar DM and vector-like
fermionic heavy particles, this approach is potentially
applicable to any models featuring the interaction of the
form yX¢&y. For instance, the specific results may differ by a
numerical factor for fermionic dark matter.

Several high-frequency GW experiments have been pro-
posed, with resonant cavity experiments currently showing
promise in detecting GWs that bear the distinct footprints of
freeze-in DM. This study demonstrates that GWs generated
from the decay of a heavy mediator, with masses ranging
from 2.5 x 10'* to 5 x 10" GeV, fall within the projected
sensitivity of this experiment for a DM mass of approx-
imately 5.4 keV, provided sub-percent accuracy can be
achieved. Additionally, such a GW signal exhibits a distinct
low-frequency tail in the GW spectrum. For more details
about the detection prospects of the GW spectrum, see the
Supplemental Material [23]. The detectable range narrowed
significantly, limiting detection to a mediator mass at my =
5x 10" for m, = 2.24 MeV. Beyond this point, the pro-
duced GWs are too faint to be probed by this experiment,
irrespective of the mediator mass. Interestingly, GWs can
also be emitted during freeze-in DM production via

scattering processes; however, such calculations are more
involved than those presented here. Whether such a scenario
would yield detectable signatures requires careful investi-
gation, which we leave for future study. Theoretically, our
conclusion about the GW spectrum remains valid even for a
relatively lighter mediator mass (for example, 1 TeV) and in
the context of scattering production. However, this comes at
the cost of a significantly smaller GW relic density.

Finally, the study of gravitational wave spectra associ-
ated with freeze-in DM is opening up novel avenues to
explore this elusive freeze-in DM paradigm, which is
incredibly challenging to reach through any ongoing or
upcoming direct and indirect DM detection experiments,
while collider experiments can only access a narrow region
of parameter space.
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