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ABSTRACT: The non-thermal production of dark matter (DM) usually requires very tiny
couplings of the dark sector with the visible sector and therefore is notoriously challeng-
ing to hunt in laboratory experiments. Here we propose a novel pathway to test such a
production in the context of a non-standard cosmological history, using both gravitational
wave (GW) and laboratory searches. We investigate the formation of DM from the decay
of a scalar field that we dub as the reheaton, as it also reheats the Universe when it decays.
We consider the possibility that the Universe undergoes a phase with kination-like stiff
equation-of-state (wyy, > 1/3) before the reheaton dominates the energy density of the
Universe and eventually decays into Standard Model and DM particles. We then study
how first-order tensor perturbations generated during inflation, the amplitude of which may
get amplified during the kination era and lead to detectable GW signals. Demanding that
the reheaton produces the observed DM relic density, we show that the reheaton’s lifetime
and branching fractions are dictated by the cosmological scenario. In particular, we show
that it is long-lived and can be searched by various experiments such as DUNE, FASER,
FASER-II, MATHUSLA, SHiP, etc. We also identify the parameter space which leads to
complementary observables for GW detectors such as LISA and u-DECIGO. In particular
we find that a kination-like period with an equation-of-state parameter wy, ~ 0.5 and
a reheaton mass O0(0.5—5) GeV and a DM mass of O(10—100) keV may lead to sizeable
imprints in both kinds of searches.

KEYywoRrDS: Cosmology of Theories BSM, Early Universe Particle Physics, Dark Matter
at Colliders

ARX1v EPRINT: 2208.01670


https://arxiv.org/abs/2208.01670

Contents

1 Introduction 1
2 Cosmological framework 4
3 Gravitational-wave signatures 6
3.1 Gravitational-wave spectral shapes from non-standard cosmology 6
3.2 Experimental sensitivities 8
4 Complementary probe of dark sector 9
4.1 Microscopic model: Higgs-portal DM 10
4.2 Dark-matter non-thermal production 11
5 Results 12
6 Discussion and conclusion 14

1 Introduction

The cosmic inflation which resolves the flatness and horizon problem and seeds the initial
density fluctuations for large-scale structure formation [1-5] predicts tiny fluctuations in the
Cosmic Microwave Background (CMB) measurements [6]. After its discovery, the content
of our present Universe in Dark Matter (DM), Dark Energy (DE) and radiation is now
well established in what is known as the ACDM model [7]. In addition, the improving
measurements of the scalar perturbation modes, together with the most recent limits on
the presence of tensor modes in the CMB, help narrowing down the class of inflation models
which could explain the incredible homogeneity and flatness of the Universe. Nevertheless,
the history of the Universe from the end of cosmic inflation to the hot big bang phase of
the cosmological history remains up to now free of any experimental constraints. As a
consequence, the way the metric perturbation modes evolve after their production during
inflation, until the present time, is unknown. The consequences of this complete black
out regarding our Universe history is twofold: (i) We are unable to predict with certainty
the scale of inflation and (i7) the number of e-folds of cosmic inflation, which is essential
to constrain cosmic inflation models from the CMB measurement, is a free parameter of
the theory.

In the vanilla ACDM model, it is generally assumed that the cosmic inflation era is
followed immediately by the radiation dominated (RD) era, also known as the hot big
bang phase of the cosmological history. In this very simplistic case, it is expected that the
spectrum of GWs that was produced during inflation remained frozen until perturbation
modes start growing linearly with the expansion during the late Matter-Domination (MD)



era. Since inflation is measured to produce a nearly scale invariant spectrum of first-order
tensor perturbations that is relatively feeble as compared to the sensitivity of present and
future GW detectors, it is expected that a Universe exclusively dominated by radiation
and matter after inflation would not lead to any measurable GW signal in the near fu-
ture. However, we would like to highlight that the Universe can only become radiation
dominated at the end of inflation under very conservative assumptions. Indeed, to release
all of its energy density right after it exits the phase of slow roll, the inflaton must decay
immediately into ordinary radiation. Such a fast decay of the inflaton field requires the
existence of large interaction terms between the inflaton field and Standard Model (SM)
fields. However, sizeable interactions of the inflationary sector with the SM are not moti-
vated by any strong theoretical argument, they were also shown to substantially affect the
inflationary dynamics [8-11] or the stability of the SM Higgs boson [12, 13]. Furthermore,
in order to decay efficiently after inflation ends, the inflaton also needs to oscillate around
the minimum of its potential, such that its coherent oscillations quickly get damped by
through SM particle production. This relies on the idea that the inflation potential min-
imum stands relatively close in field space from the point where inflation ends. However,
numerous scalar potentials can be used to realize cosmic inflation which do not have a
minimum or whose minimum is far away from the location in field space where inflation
ends. This is for instance the case of quintessential inflation models [14-17], or more simply
non-oscillatory inflation models [18], in which the inflaton keeps rolling along its potential
for a long time after inflation ends. In such cases, the production of SM particles is more
difficult to achieve and can typically be realized through gravitational particle produc-
tion [19, 20] or other reheating mechanisms, just to name a few, instant preheating [21],
curvaton reheating [22], Ricci reheating [23, 24]. The inflation sector thus only transfers a
fraction 7 of its energy density when SM particles are produced. The Universe therefore
undergoes a phase of kination, where the kinetic energy of the inflaton scalar field is the
main source of energy in the Universe and decreases quickly with expansion as pg ~ a6
before radiation starts dominating and the hot big bang phase starts.

In this paper we will consider the more general possibility that the end of inflation is
not continued right away by the hot big bang phase, but instead is followed by a phase
featuring a stiff equation of state, corresponding to an equation of state parameter larger
than the one of radiation that we will denote as wyj, > 1/3. In what follows, we will refer to
this period as being ’kination-like’ for simplicity. For completeness, we also envision that
the inflaton may not produce SM particles directly but may instead produce a metastable
moduli (called reheaton) that will later on reheat the Universe and produce dark-matter
particles out of equilibrium. This transfer of energy could correspond to a tiny gravitational
particle production, but can also simply arise from a slight transfer of kinetic energy from
the inflaton oscillations to the oscillations of a transfer direction in field space. This happens
in many particle physics models, such as supergravity models [10, 25-27], hybrid inflation
models [28], or even in String Theory where moduli fields may start oscillating and dominate
the energy density of the Universe [29] after inflation. Generically, the oscillations of the
reheaton field can be understood as a transfer of energy from the classical oscillations of
the inflaton field to oscillations in a transverse direction in field space, like a waterfall or



a turn in the inflation trajectory. For simplicity, we will assume that the oscillations of
the reheaton can be described by a perfect fluid with constant equation of state parameter
wg. Typically, if the reheaton oscillates around quadratic potential, this fluid behaves like
cold matter with equation of state wg = 0, which would lead to a period of early matter
domination. In that way, the History of the Universe, also depicted in figure 1 can be
described by four major phases:

Inflation

!
Kination / Stiff Equation of State

!
Early Matter Domination (EMD)

i
SM Plasma + Dark Matter

In a thorough study, the authors of ref. [30] showed recently that a kination-like period
can lead to a growth of perturbation modes of the metric at large frequencies that could
be detectable by gravitational wave detectors in the near future [30-44, 44-58]. We will
therefore explore to which extent such a possibility remains promising for this generic
scenario and exhibit regions of the parameter space which will be probed by future GW
detectors.

Besides the unknown pre-BBN history of the universe, the origin and composition of
dark matter (DM) in the Universe remains a big mystery in modern particle physics and
cosmology [59-61]. Despite great experimental efforts over the last 30 years, the simplest
models of a dark matter particle that freezes out from the SM plasma leading to the fa-
mous “WIMP miracle” [62-65] were not detected experimentally, neither in direct-detection
experiments looking for DM scattering off nuclei [66—-71], via indirect detection via DM an-
nihilation [72, 73], nor through direct production in colliders (e.g. at the LHC [74, 75]). This
has led to several alternative DM production mechanisms such as the so-called non-thermal
production models, in which the observed DM abundance is formed out of equilibrium, ei-
ther from the annihilation of SM particles via the so-called freeze-in mechanism [76-78],!
inflationary particle production via preheating, direct inflaton decay to DM, or considering
the inflaton itself to be DM [82-116].

Generically, in a non-thermal scenario, DM particles hardly communicate with the
visible sector (SM), which makes such scenarios challenging to detect? for any conventional
astrophysical or laboratory-based experiment. Thankfully, some of those dark-matter sce-
narios involve a non-standard evolution of the post-inflationary Universe. In that case, we
will argue that gravitational waves seeded by inflationary tensor perturbations can provide
a compelling alternative for probing the existence of such DM production models.

'For detection prospects of free-in mechanism, see refs. [79-81].
2Tests of such non-thermal particle production via dark radiation or Neg measurements during the Big
Bang Nucleosynthesis (BBN) & CMB era were proposed in ref. [117].



In our scenario, demanding that the reheaton produces the correct amount of dark
matter in the early Universe uniquely dictates the interaction strength of the reheaton
with SM and DM particles. The reheaton therefore acts as a portal between the dark
and the visible sector. We will therefore study how this portal can lead to sizeable inter-
actions between DM and SM particles, but more interestingly, we will identify regions of
the parameter space where the reheaton may be produced in long-lived particle searches
experiments such as FASER, MATHUSLA, DUNE, etc.

The paper is organized as follows: in section 2 we detail the model that will be studied
throughout the paper. In section 3 we derive the spectrum of GWs that is predicted and
compare it to the sensitivity of current and future GW detectors. Considering a minimal
model of dark matter interacting with the reheaton, and a higgs portal interaction of the
reheaton with the SM Higgs, we explore how the model may lead to smoking-gun signatures
in laboratory searches in section 4.

2 Cosmological framework

Unlike most of the vanilla inflationary scenario, we consider in this paper the possibility
that the inflationary era is followed by a kination-like period with stiff equation of state,
which is characterized by an equation of state parameter

Wiin > 1/3. (2.1)

Such a cosmological era is typically present in models of non-oscillatory scalar field infla-
tion [17, 18, 22, 25, 118-120] which feature wyy, ~ 1. Models featuring an intermediate
value of 1/3 < wyi, < 1 can also be obtained using oscillating scalars in potentials of the
form V(S) oc S¥ with & > 4 [121], or rolling scalars along an exponentially decreasing
potential [54, 122-124].

The manner in which the Universe is reheated, leading to the subsequent hot big bang
era, strongly depends on the model considered. In the context of non-oscillatory scalar-
field inflation, it is believed that the SM is reheated through a gravitational production
of particles at the end of inflation [19, 20, 125]. Since the inflationary sector may not be
composed of only one scalar field, it may as well be possible that the inflaton transfers a
fraction of its energy density into a metastable spectator field S, that we call the reheaton.
After inflation, the small oscillations of the reheaton may behave like an extra component
of matter in the early universe (corresponding to an equation of state parameter wg = 0),
which will eventually decay to reheat the SM at a later time. However, if the reheaton
potential is different than a quadratic potential, its equation of state parameter wg could
be different than zero. We will study the effect of this parameter on the GW detection,
but will restrict our study in the last part of the paper to the standard value wg = 0. We

will denote by
Ps

Pinf
the fraction of energy density which is transferred into the reheaton field at the end of

n= <1, (2.2)

inflation. We will also denote by mg and I's the mass and total decay width of the
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Figure 1. Evolution of the different components present in the Universe along the cosmologi-
cal history. The vertical dotted line stands for the time where DM becomes non-relativistic.The
parameters used in the figure are n = 1071%, mg = 1 GeV, mpy = 1 MeV, I's = 1071° GeV, and
Wkin = 1. In the x-axis, N = In(a) stands for the number of e-folds before present time.

reheaton field. When H ~ I'g we assume that the reheaton produces both SM and DM
particles. We will consider for simplicity that the DM particles produced from this decay,
which are initially boosted (Epym &~ mg/2 > mpwm ), redshift before composing the cold relic
density that is observed today in cosmological data [6]. Demanding that this production
accounts for the correct relic abundance fixes the value of the decay branching fraction of
the reheaton into DM particles:

Br (S — DM,DM) = -3 <pe‘1)1/4 : (2.3)
2mpm \ ps
where pg denotes the energy density of reheatons at the time of reheating and peq the
energy density of the Universe at matter-radiation equality.
The energy density at the end of inflation, the energy fraction released in the form of
reheatons at the end of inflation, the decay width of the reheaton, the mass of the reheaton,
and the mass of dark matter

{pinf7 Wkin , Ws, 7, FSv mgs, mDM} y (24)

therefore constitute the set of free parameters of the model.



In figure 1 we depict a typical example where the period of kination-like ends before
the reheaton has decayed, leading to a period of early matter domination. In order to
obtain such an evolution, we simply assume that the different energy components decrease
like a 3+ When dark matter is produced through the decay of the reheaton, one
should note that it behaves first as radiation, since it is produced with a typical energy
Epy ~ mg/2 (where we assume for simplicity a two body decay).

3 Gravitational-wave signatures

We consider in this section the first-order tensor perturbations propagating in the early
Universe as gravitational waves, created by the inflaton quantum fluctuations [126]. We
will study how a modification of the standard cosmological history can affect the spectrum
of such GWs and lead to measurable signatures for future gravitational wave detectors.

3.1 Gravitational-wave spectral shapes from non-standard cosmology

In standard inflationary scenario, the GW spectrum produced from the inflaton’s quantum
fluctuations is nearly scale invariant when it is produced and stays that way across the
Universe’s history as long as the Universe transitions instantaneously from inflation to
radiation domination [45, 47, 127]. Nevertheless, given the non-standard evolution that
we consider in this paper, the successive kination-like and matter domination eras before
that precede the standard radiation domination era induce interesting structures (inverted
triangular shape for our scenario) in the otherwise flat gravitational wave spectrum, hence
providing a unique signal of such a non-standard cosmological history.

The energy density stored in the GW spectrum per unit log interval of k is given by
dpgw _ _k°hj
dlog(k) — 167Ga?
The GW equation of motion dictates that hg o % after the corresponding k-mode enters
the Hubble sphere, i.e. when k > aH. The k mode which enters the Hubble sphere is

related to the scale factor a via k o< a™ 3w2+1, w being the equation of state parameter of

[128], where hj is the amplitude of k-th mode of GW in Fourier space.

the dominant component of the Universe during that phase. Therefore, during radiation
domination (w = 1/3), the rate at which the modes re-enter the horizon is identical to the
rate at which the GW amplitude decreases, hence keeping the spectral shape unaltered.
On the other hand, for w # 1/3, the aforementioned rates differ, hence tilting the GW
spectrum. In order to understand how the GW spectrum is affected by the cosmological
evolution, and thus the equation of state (e.o.s.) parameter of the Universe w at a given
time, one can note that hy, = hy,“ (hy, being the initial amplitude of GW k mode when

it enters the horizon) and replace a by k:_1+23w, giving [30, 128, 129]

dpaw 1-3 —gizsw
OPGW W o k2T 3.1
dlog(k) ~ M & (3:1)

The expression clearly dictates that for w > 1/3 (w < 1/3), the GW spectrum grows
(decreases) with the frequency.

In our scenario, inflation is followed successively by a kination-like and an early matter
dominated epochs, described by wyi, and wg respectively. As mentioned before, for modes



kkm <k< k .d Which enter the horizon during the kination-like era — between the end
of inflation and the end of kination (kin), the GW spectrum features a positive slope as
W = Wkjn > % by definition. Similarly for modes k:%H <k< k:gin entering the horizon
during the matter dominated era — between the end of kination (kin) and the reheating
of the Universe operated by the reheaton decay (RH) — the slope of the GW spectrum
is negative. The mode k; corresponding to i-th transition is related to the scale factor a;
and Hubble H; at that epoch via the usual relation k‘? = H; (g—é) With the analytical
approximation where each mode begins oscillating suddenly after the horizon crossing, the
GW spectrum may be approximated by a piecewise function given by,

L, k < kg
e
k ws 0 0
0 0 (kg ; krp < k < By
Qaw(k) = Qg 0 2(3wg—1) 2(3wyi—1) (3.2)
1+3wg k 143w
( é ) <k1(21n ) kkln < k < kend
0 KO 4 <k

Given a particular set of parameters {pw¢, 1, I's, ms, mpm, Wkin , ws}, H; and a; can
be determined by fixing the present scale factor to ag = 1, and the scale factor at matter-
radiation equality a.q to its measured value [6]. Here Q%’%&t is given by [23],

4
Qflat _ _ 0 (gsea ) (96 2 Hia (3.3)
GV 24\ ga 99 ) 7 M3’
where gg = 2 and g, is the d.o.f when the k mode re-entered horizon. Hepq corresponds
to the Hubble parameter at the end of inflation. The frequency f of GW is related to
a wave-number k via f = cL&

21
the largest inflation scale allowed by Planck measurement, He,q = 6.6 x 1013 GeV [6].

where ¢ is the speed of light. In our analysis, we choose

In principle this value could be smaller. In that case, one can see from eq. (3.3) that
the spectrum of gravitational waves would accordingly decrease. Note that we assumed a
scale-invariant power spectrum for the tensor modes, meaning that nt &~ 0. In a single-
field inflation setup, this approximation is motivated by the consistency relation np = —r/8
where r < 3.5 x 1072 is the tensor-to-scalar ratio. Therefore, the spectrum of tensor modes
is expected to be scale invariant to a very good approximation.

The total energy density stored under the form of GW’s behaves as a radiation-like
component and therefore contributes to the total number of relativistic degrees of freedom
Negr, leading to an extra contribution which can be quantified as

4
8 /11\3 QU
ANy = — () W (3.4)
7\ 4 Qg
where QOGW is defined as
df o
Qow = 7 - Qw(f). (3.5)
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Figure 2. Dependence of GW spectrum with variation of different parameters, wy, wg, I's, 1
respectively, keeping the other parameters fixed.

3.2 Experimental sensitivities

In figure 2 we show the dependence of the GW spectrum with the different parameters. As
we described above, the slope of this spectrum increases during kination domination with
higher values of the kination e.o.s parameter wy,, with similar effects with the variation
of the reheaton e.o.s parameter wg during the reheaton domination phase. Increasing the
decay rate I's makes the reheaton decay at an earlier time, resulting in a shorter period of
reheaton domination, hence making the “negative slope region” of the GW spectrum last
over fewer e-folds. On the other hand decreasing 7 results in a longer kination dominated
period, hence making the “positive slope region” of GW spectrum larger.

In order to study the sensitivity of present and future GW detectors to our sce-
nario, we have used the sensitivity curves derived in ref. [130] for NANOGrav [131-134],
PPTA [135, 136], EPTA [137-139], IPTA [140-143], SKA [144-146], LISA [147, 148],
BBO [149-151], DECIGO [152-154], CE [155, 156] and ET [157-160], u—ARES [161],
GAIA, THEIA [162] and aLIGO and aVirgo [163-166].
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Figure 3. The allowed region of I's — 1 parameter space from N.g bounds and future reaches in
GW detectors (LISA, ET, BBO, u-DECIGO) after 4 years of exposure. The green shaded region
above the green line (denoted by CMB) is disallowed by the Neg < 0.3 constraint. The other
colored lines correspond to SNR= 1 for different GW detectors, the region above then denoting
SNR> 1. The left and right panel correspond to wyi, = 1 and 0.5 with the other parameters fixed
at {ws, Hend, MpM, Ms} = {0, 6.6 x 1013 GeV, 10% GeV, 102 GeV}. The bottom gray-shaded
area denotes the region of the parameter space where the reheaton injects entropy into the SM bath
after BBN.

The signal-to-noise ratio (SNR) [167, 168]
1/2
frmax h20 2
df [Gwml . (3.6)

NRexp = < 2tobs
SNRexp tb/ )

min

Here tops denotes the observation time and Qeg(f) corresponds to the noise curve of the
GW detector working between the frequency interval fiin to fimax. In figure 3 we show
the visibility (SNR> 1) range of the GW spectrum. As observed previously in figure 2,
both increasing I's and decreasing 1 brings the GW spectrum more into reach of the
GW detectors. This fact is mirrored in figure 3 also, as the SNR increases top-left from
bottom-right corner. A sudden change of slope of the SNR=1 lines are visible for the GW
detectors BBO and u-DECIGO. This means that beyond a certain large I'g, increasing
n after a certain threshold does not change SNR considerably. This happens when fryg
reaches the detector sensitivity curves from the left (with increasing I's) in 2 and fyy is
such that the spectrum is substantially below the reach of GW detectors.

4 Complementary probe of dark sector

For a choice of parameters {pi,, 7, I's, ms, mpu}, we have seen in section 3 that
the peculiar evolution of the post-inflationary Universe may lead to detectable signatures
in the gravitational wave spectrum. Furthermore, as we noticed in section 2, the decay
branching fraction of the reheaton into DM particles is uniquely given by the choice of



parameters of the model. For a given microscopic model, knowing the value of the total
decay width of the reheaton together with its decay branching fractions into SM and
DM particles is equivalent to knowing its interaction strength with either species. In this
section, we therefore introduce a specific particle physics model for the dark sector and
investigate whether dark-particle searches may provide us with smoking-gun signatures
that are complementary to gravitational wave searches.

4.1 Microscopic model: Higgs-portal DM

As the simplest extension of the SM that contains a dark matter particle and an additional
singlet scalar field, we consider a higgs-portal scenario in which the dark-matter particle is
a Dirac fermion y, and couples to the reheaton S through a Yukawa coupling. We denote
by g, the coupling of such interaction and consider that the reheaton mixes with the SM
Higgs boson H with mixing angle sin §. Before rotation into the mass eigenstate basis, the
lagrangian is of the form

LD —g,Sxx — Vom(H) — Veen(S) — Aus|H?|S)? + He. . (4.1)

After rotation into the mass-eigenstate basis, and in the limit of small mixing angle, the
mass eigenstates can be simply approximated to be

H ~ H — Ssind,

S~ S+ Hsin. (4.2)
where 5 )
tan20 = > nCHS (4.3)
(mg —mg)

vg being the vev of the S field and vg is the EW vev. In the scenario that we have studied
previously, we have considered models in which the reheaton is long-lived, may dominate
the energy density of the Universe, and eventually decays into SM and DM particles.
Demanding that this decay is kinematically allowed implies that the dark-matter particle
must be lighter than the reheaton

mpmMm < % . (4.4)

Furthermore, the reheaton is long-lived, and is the only mediator between the visible and
the dark sector in this scenario. This, in turn, means that DM is very feebly coupled to the
SM bath and does not thermilize throughout the history of the Universe. When presenting
our results, we shall verify this assumption, since we have demanded that the reheaton
produces out-of-equilibrium the whole relic density of dark matter in the previous sections.
Because of its small cross section of annihilation into and scattering with SM particles, it
is expected that the direct or indirect detection of DM is beyond the reach of laboratory
experiments and astrophysical searches. However, the reheaton, which is the mediator
between the dark and the visible sector, may couple to SM particles more strongly and
may show some signatures in long-lived particle (LLP) searches. In particular, long-lived
particles with masses < 5GeV may be detectable soon with experiments such as FASER

~10 -



and FASER-II [169-172], DUNE [173, 174], DarkQuest-Phase 2 [175], MATHUSLA [176],
PS191 [177, 178] or SHIP [179]. In this range of masses, for each point in the parameter
space, demanding that the reheaton produces the correct relic density of DM provides via
eq. (2.3) the decay branching fraction of the reheaton into dark matter. Given the value
I'g, this provides us with the value of the decay width of the reheaton into DM and SM
particles. Because we consider a reheaton which is lighter than the SM Higgs boson, it is
easy to obtain from these decay widths what the mixing angle sin 6 is by simply writing

I's ~T'(S — SM) = sin 6°T'y(ms), (4.5)

where I'i7 (mg) simply denotes the decay width of the SM Higgs boson restricted to channels
which are kinematically open for the reheaton and rescaled by a factor mg/my. Details
on microscopic models of the Higgs portal for a fermionic dark matter can be found in
refs. [180, 181]. The branching fraction of the reheaton decaying into DM particles is
finally related to the Lagrangian parameters through

3/2
S —DM) g2 (m% —dmdy,)”

I's N 87TFSm%

Br(S — DM) = 1 (4.6)

4.2 Dark-matter non-thermal production

Before we present our results, a few comments are in order. First, as we just mentioned,
we have assumed throughout this paper that the DM particle is only produced out of
equilibrium, through the decay of the reheaton. While scanning over the parameter space,
it is possible that one reaches a regime in which the interactions of DM with the SM may
lead to the thermalization of dark matter, or to a sizeable production of DM particles out of
equilibrium through thermal processes a la Freeze-In. In order to avoid these possibilities,
we used a modified version of the code developed by the authors of refs. [80, 81] to estimate
the amount of dark matter produced out of equilibrium via two-to-two processes. When
the reheaton decays and reheats the Universe, it may as well be possible that the reheating
temperature exceeds the reheaton mass and lead him to be close from thermalizing. In
order to ensure that this is not the case, we excluded from our scans points with a reheating
temperature larger than the reheaton mass. Finally, we also excluded, of course, points for
which the reheating temperature is below the temperature of BBN, dark-matter masses
below 5keV (to avoid constraints on warm dark matter such as Lyman-a constraints or
the Tremaine-Gunn bound), and points for which DM is relativistic during BBN and is
excluded by observational constraints on ANgg. In principle, light dark-matter particles
produced from the decay of a heavy reheaton may carry an important momentum and
be able to erase small-scale structures later on. We have included this constraint in our
analysis and checked that this does not constrain sizeable fractions of our parameter space.
Indeed, as will be seen later, the mass of the dark matter particles considered scales all the
way from 5keV to the GeV scale, and, therefore, most of the points survive warm-dark-
matter constraints. This is expected, as this situation is similar to cases where a long-lived
inflaton decays into dark matter particles, for which the WDM bound only varies by a
factor of O(40) as compared to the bounds on thermal dark-matter models, as is discussed
in ref. [182].
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Figure 4. Scan over the energy fraction 7, the reheaton decay width I'g and the dark-matter
mass mpy. We assumed wyiy, = 1 and excluded points for which the Freeze-In production of DM
exceeds 1% of the total relic density.

In figure 4 we present our results in the plane (mg,sin @) and exhibit the value of the
reheating temperature (left panel) and the dark sector coupling g, (right panel) for all
points surviving the various constraints mentioned above, and in the case wyy, = 1. As
one may see, points with a large mixing angles are excluded since they would lead to a
sizeable production of dark matter from thermal processes which could either overclose the
Universe or lead dark matter to thermalize. Interestingly, although the value of the dark
coupling is quite small, the value of the mixing angle between the reheaton and the SM
Higgs can remain sizeable to make detection prospects good.

The variation of the reheating temperature and the dark coupling on those plots can
be understood as follows: the larger the mass of the reheaton, the larger is its decay width
and therefore the larger is the reheating temperature. Moreover, for a fixed cosmological
evolution, hence a fixed value of n, I'g and mg, a larger sin # leads to a smaller branching
fraction of the reheaton decay into DM, which has to be compensated by a larger dark
coupling.

5 Results

As we could see in section 3, a large fraction of the parameter space of our model may
be probed by future GW detectors in the future. For every point in the corresponding
parameter space, we have seen in section 4 that it is straightforward to derive, for a given
dark matter model, the value of the reheaton coupling with SM particles in order to obtain
the correct relic density of DM particles in the present Universe. In figure 4 it appears that
the value of this coupling can be sizeable, which makes laboratory experiments compelling
in order to search for the existence of such a reheaton particle.

In figure 5 we restrict the scan presented in figure 4 to points which would lead
to an SNR larger than one for u-DECIGO after 4 years of operation. We then com-
pare our results to the current limits on long-lived particles interacting with the SM

- 12 —
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Figure 5. Comparison between the points in parameter space which will detected by u-

DECIGO after 4 years of exposure (with SNR> 1) and the sensitivity limits which will be probed
in future long-lived particle searches. The dashed contours depict such regions for FASER II
(orange) [169-172], DUNE (red) [173, 174], DarkQuest-Phase 2 (purple) [175], MATHSULA
(green) [176], PS191 (brown) [177, 178], and SHIP (blue) [179]. We considered the case wgin = 1 in
both plots and the color bar indicates the values of the DM mass in the left panel, and the value of
the expected SNR in the right panel.?
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Figure 6. Same as figure 5 but for wyi, = 0.5.

and to the future limits which may be reported in the near future by collaborations
such as FASER [169-172], DUNE [173, 174], DARKQUEST-2 [175], MATHUSLA [176],
PS191 [177, 178], and SHIP [179]. In figure 6 and 7, similar results are presented for
wiin = 0.5 for points which feature an SNR larger than one for u-DECIGO and LISA,
respectively.

3The region on the right of the shaded grey for masses 5 GeV and above although shown in white but
there maybe some future experiments there, however we do not consider them since our parameter space
does not contain points in those regions, for more see [183].
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Figure 7. Same as figure 5 but for wy;, = 0.5 and an SNR computed for LISA.

Note that in the case of wyin, = 1, however, for BBO, or detectors with a lower sensitiv-
ity, the situation is different. Indeed, as one can see from the left panel of figure 3, for the
case of wyi, = 1 that we considered the region of parameter space which can be probed by
BBO within 4 years of exposure and which is not excluded by CMB measurement lies at
relatively large values of the reheaton’s total decay width. Therefore, points which may be
visible by BBO appear to lead to a too large production of DM particles through Freeze-In
or even the thermalization of DM.

6 Discussion and conclusion

Various sources such as first-order phase transitions, cosmic strings or domain walls, infla-
tionary preheating, etc. are predicted to produce detectable gravitational waves from early
Universe. The detection of such signals will opens up a compelling new window into the
pre-BBN Universe. In fact it can even help probing new physics beyond the SM, as for ex-
ample GUT-scale physics, high scale baryogenesis and leptogenesis physics [116, 184-189]
which are otherwise beyond the reach of LHC or other laboratory or astrophysical searches
for new physics. In this work, we studied the non-thermal production of dark matter within
a non-standard cosmological framework with large GW signals arising from first-order in-
flationary tensor perturbations, the GW spectrum of which are different from each other
cosmic sources described above.* We considered the simple case where, after the end of
inflation, a fraction of energy 7 is transferred to the oscillation of a scalar field (for example,
a moduli field) which we dub as the reheaton S, whereas the Universe undergoes a kination
or kinetion-like phase with wyy, > 1/3. We investigated the case where dark matter is sim-
ply produced from the decay of the reheaton, which also reheats the Universe by decaying
into SM particles. The reheaton may decay during kination domination, or after, leading
to a phase of early matter domination after the kination era. The entire setup is therefore
described by a minimal set of independent parameters: the mass and decay width of the

4For non-thermal DM search with GW from preheating, see [116].
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reheaton mg and I'g, the energy fraction of reheaton particles at the end of inflation 7,
the equation of state parameters of the kination and reheaton domination phases wyj, and
wg, and the dark-matter mass mpy. Assuming a maximal amplitude of scale-invariant
tensor modes produced during inflation, as allowed by the current CMB measurements,
we studied the effect of those different parameters on the shape of the gravitational wave
spectrum at present time. We showed that such a non-standard cosmological history leaves
imprints in GW signals, to be measured by upcoming detectors. We exhibited the GW
spectral shapes that may be observed in LISA, ET, BBO, DECIGO and u-DECIGO. We
showed in particular that models with wg = 0 (which corresponds to a reheaton oscillat-
ing in a quadratic potential) would show detectable signals for BBO and u-DECIGO for
Wkin = 1, but may also be probed by LISA and the ET for lower wg < 0.5 as can be seen
from figure 3.

Because the production of the correct DM relic density is intrinsic to our model
and implicitly given by the lifetime and decay branching fraction of the reheaton into
DM particles, the interaction strength of the reheaton with DM and SM particles can
be simply extracted from each point in the parameter space. We showed that the re-
heaton can therefore be searched for experimentally in light dark sector searches involv-
ing intensity, lifetime and beam dump experiments. We explored the parameter space
in figure 5-7 and compared our results to the projected limits of laboratory searches
such as FASER [169-172], DUNE [173, 174], DARKQUEST-2 [175], MATHUSLA [176],
PS191 [177, 178], and SHIP [179]. In particular, we found that a kination-like period
with equation-of-state parameter wyi, ~ 0.5, a reheaton mass O(0.5—5) GeV, and a DM
mass of O(10—100) keV could show detectable signals for DUNE, MATHUSLA, and SHIP.
Interestingly, we also showed that this same region of parameter would show detectable
signals within 4 years of exposure for GW detectors such as LISA and u-DECIGO, as a
complementary smoking-gun signature.

When studying the testability of our non-thermal DM production mechanism, we used
a simple Higgs-Portal set-up and a fermionic DM particle. However, we insist on the fact
that our prescription to search for complementary probes of new physics with laboratory
and Gravitational Wave experiments is very general and can be applied to many other
DM scenarios that involve a non-standard cosmology [11, 25, 80, 190-194]. Following this
prescription, we believe that many realizations of non-thermal DM production in the early
universe may lead to unique predictions of GW spectral shapes that can be detected in
future GW experiments and searched for experimentally in laboratories.

It is remarkable that the existence of a non-standard post-inflationary cosmology plays
a crucial role in shaping the morphology of the gravitational wave spectrum for a given
microscopic particle physics scenario. Importantly, this post-inflationary story-line may
also leave imprints in the CMB spectrum itself. Indeed, it affects the number of e-folds of
inflation, and may lead to refine predictions for the inflation observables strongly correlated
to astrophysical signals that may be detected at lower energy [25]. We aim in the future
to enlarge our study to include the discussion of cosmic inflation and how it is affected in
the cosmological framework that we have studied in this paper.
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To conclude, we emphasize, once again, that hunting for apparently unrelated signals
from the laboratory and from the sky will help us to break degeneracies in beyond the SM
theories of cosmology that involve multiple energy scales, and provide the community with
a powerful way to search for new physics.
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