PHYSICAL REVIEW D 112, 056003 (2025)

Inflationary gravitational waves and laboratory searches as complementary
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We analyze the damping of inflationary gravitational waves (GW) that re-enter the Hubble horizon
before or during a post inflationary era dominated by a metastable right-handed neutrino (RHN), whose
out-of-equilibrium decay releases entropy. Within a minimal type-I seesaw extension of the Standard
Model, we explore the conditions under which the population of thermally produced RHNs remain long-
lived and cause a period of matter domination. We find that the suppression of the GW spectrum occurs
above a characteristic frequency determined by the RHN mass and active-sterile mixing. For RHN masses
in the range 0.1-10 GeV and mixing 1072 < |V,y|> < 1073, we estimate such characteristic frequencies
and the signal-to-noise ratio to assess the detection prospects in GW observatories such as THEIA,
u-ARES, LISA, BBO, and ET. Additionally we use LIGO data to put upper bounds on the reheating
temperature after inflation, for a given blue-tilted GW spectrum. We find complementarity between GW
signals and laboratory searches in SHiP, DUNE, and LEGEND-1000. Notably, RHN masses of 0.2-2 GeV
and mixing 1071 <|V,y|> <1077 are testable in both laboratory experiments and GW observations.
Additionally, GW experiments can probe the canonical seesaw regime of light neutrino mass generation, a

region largely inaccessible to laboratory searches.

DOI: 10.1103/qyld-mf33

I. INTRODUCTION

All fermionic particles in the Standard Model (SM) of
particle physics come in left- and right-handed variants
except for the neutrinos, which are only left handed. This
may be related to the fact that we observe neutrinos only
through their left-handed SM interactions unlike the other
particles. However, the SM fails to explain the masses of
the neutrinos as evidenced by neutrino oscillation experi-
ments [ 1-4]. The tiny neutrino masses m, < 0.1 eV cannot
be generated through the traditional Higgs mechanism
since the Yukawa couplings between the left- and right-
handed neutrinos required for generating sub-eV Dirac
masses turn out to be of the order 10~!2, which is not
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natural. Therefore, we might look into the possibility that
neutrinos are of Majorana nature. The simplest way of
Majorana neutrino mass generation is through the well-
known type-I seesaw mechanism [5—-12], with heavy right-
hand neutrinos (RHNs). If the RHNs are sterile, i.e.,
uncharged under any gauge interactions, then the only
coupling associated with them is through the Yukawa
interaction with a left-handed lepton doublet and the
Higgs doublet. If the heavy RHNs required by a viable
type-1 seesaw framework have masses in the MeV to TeV
scale, they can be searched for in laboratory experiments,
such as beta decays, meson decays, beam dump experi-
ments, and colliders. For a comprehensive summary of
such experiments, along with the existing constraints and
future prospects of RHN searches, see, e.g., [13—15]. These
RHN states are vastly heavier than the light active neu-
trinos, hence they are also referred to as heavy neutral
leptons (HNLs).

The detection of gravitational waves (GWs) from black
hole mergers by the LIGO and Virgo collaborations [16,17]
and strong evidence for the presence of a stochastic GW
background (SGWB) from measurements carried out by
several pulsar timing array collaborations [18-24] have
lead to postulations of beyond-the-Standard-Model (BSM)

Published by the American Physical Society
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new physics scenarios associated with GW production in
the early Universe, including primordial origins of GWs
related to cosmic inflation. Our work here proposes to
form a synergy between GW observations and laboratory
experiments involving seesaw and HNL searches. We will
investigate quantum tensor fluctuations of the metric during
cosmic inflation which propagate as gravitational waves
in the post inflationary era. These GW modes go out of
Hubble horizon during inflation [25-28]. Upon their
horizon re-entry after inflation, these primordial gravita-
tional waves (PGWs) can act as a book-keeping element of
the cosmic expansion history of our Universe [29-37],
since they propagate across all cosmological epochs and
reach us today. Any deviation from the standard radiation-
dominated pre-BBN (big bang nucleosynthesis) history can
be inferred by studying the features in the PGW spectral
shapes since the expansion history of the Universe deter-
mines the redshifting of the GW amplitudes and frequen-
cies to the present day [37-47]. In this regard, we consider
an epoch where HNLs dominate the energy budget of the
Universe, thus affecting its post inflationary evolution,
which leads to characteristic GW spectral shapes testable in
various current and upcoming GW detectors. Such pri-
mordial features in the GW spectrum usually reveal two
important quantities: (a) the time when HNL matter
domination began, which is set by the highest frequency
that departs from a flat spectrum, and (b) the duration of
HNL matter domination, which corresponds to the width of
the feature in frequency space [45,47-55].

Long-lived HNLs are notoriously difficult to detect in
conventional collider experiments due to their displaced
vertices, which render them effectively invisible [56]. For
HNLs with masses in the range 0.1 GeV < 10 GeV, beam
dump, long-lived particle search experiments, such as deep
underground neutrino experiment (DUNE) [57,58],
MAssive Timing Hodoscope for Ultra-Stable neutral.
pArticles (MATHUSLA) [59,60], and search for hidden
particles (SHiP) [61] offer promising prospects for probing
large regions of the parameter space. Nevertheless, even if
an HNL is detected, the information extracted is typically
limited to its mass and lifetime, leaving the rest of the
hidden sector poorly constrained. It is therefore of signifi-
cant importance to find complementary sources of infor-
mation about such long-lived HNLs. We propose, in this
paper, that primordial features in the SGWB from the
inflationary paradigm will be useful in obtaining indepen-
dent evidence for and information on HNLs. This suggests
a potential synergy between GW observatories and labo-
ratory experiments in testing such a BSM scenario.

The paper is organized as follows: In Sec. II, we give a
review of type-I seesaw and HNL decays along with current
and future HNL searches. In Sec. III, we discuss the
conditions for HNL domination in the early Universe and
Sec. IV covers the suppression of primordial gravitational
waves of inflationary origin due to HNL domination and we
show the future projections of deviations in signal-to-noise

ratio of the suppressed GW spectra due to HNL domination
as compared to the standard spectra for various GW experi-
ments. We demonstrate the complementarity of GW
searches with laboratory searches in the HNL parameter
space. Finally, in Sec. V, we conclude and discuss future
implications.

II. HEAVY NEUTRAL LEPTONS

As the underlying model, we consider the conventional
type-I seesaw with three HNLs N,

— 1 —
L= ZyaiLa(iGZ)HTNj + isz,-NfNi +hec. (1)

a,i

Here, L, are the SM lepton doublets (@ = e, u, 7), H is the
SM Higgs doublet and o, is the second Pauli matrix. We
assume, without loss of generality that the symmetric RHN
mass matrix is diagonal, My = diag(my,,my,, my,). After
electroweak symmetry breaking with (H) = v ~ 174 GeV,
the light active neutrinos acquire and effective Majorana
mass matrix M, = —mp, - My' - m}, at leading order in
the seesaw expansion with mp = yv << M. It is diagon-
alized by the PMNS mixing matrix Upyns, constrained by
measurements of neutrino oscillations. The RHN Majorana
mass term is a priori unconstrained, as it is unrelated to SM
electroweak symmetry breaking; it can in principle have
any scale from eV and below to the Planck scale. We here
consider HNLs with masses in the range 0.1 GeV < my <
10 GeV as the regime of interest for direct searches and
motivated by viable low-scale leptogenesis.

In the following, we work in a simplified scenario with a
single HNL denoted by N. We ignore any flavor structure
and we assume that the HNL dominantly couples to the
electron-flavor active neutrino and the Lagrangian (1)
simplifies to

_ 1 —
L =yexLe(io) H'N +5myNN +He.  (2)

A light active neutrino mass scale m, = |V, y|*my is then
generated, where V,y is the admixture between the active
neutrino and the HNL, V,y = y,yv/my. We treat my and
|V.n|? as free parameters. The focus of our paper is to study
the interplay between the constraints and future sensitivity
reaches from laboratory HNL searches and GW detectors.
We do not attempt to consider the full light neutrino mass
spectrum and the PMNS mixing pattern observed in
oscillations. Instead, we take the limit on the effective
decay mass, my < 0.45 eV at 90% confidence level (CL),
from KATRIN [62] as an upper limit on m,, whereas solar
neutrino oscillations point toward a smallest scale m, >
VAm2, ~9x 1073 eV [63]. Thus, successful neutrino
mass generation favors a parameter space of inter-
est 9 x 1073 eV < |V, y|?my < 0.45.

For GeV-scale HNLs, this requires very small active-
sterile mixing strengths,
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1 GeV
Vol =™ < 10-10(—e ) 3)
mN mN

resulting in long-lived HNLs that can be searched through
their displaced vertices in laboratory experiments. On the
other hand, if such long-lived HNLs are present in the early
Universe, they can trigger a period of intermediate matter
domination that can imprint on the GW spectrum arising
due to tensor perturbations generated during cosmic infla-
tion. We should emphasize, though, that the relation in
Eq. (3) is not strictly required. Smaller mixing is possible if
there are other contributions to the light neutrino masses,
such as from additional HNLs. Likewise, the mixing can be
larger if lepton number is approximately conserved. This is
not only achieved in the limits my — 0 and my — oo but
also if pairs of HNLs form Dirac fermion states themselves.
By feebly violating lepton number symmetry, e.g., through
a Majorana mass term p << my, light neutrino masses
are generated, |m,|~ (y,v/my)*u = |Vyy|?u, while the
HNLs form quasi-Dirac pairs with a small mass split-
ting Ampy ~ u.

A. HNL decays and direct searches

This section summarizes the most relevant HNL decay
channels, considering both charged and neutral current
interactions as mediators. Most results for sufficiently light
HNLs are already established in the literature [13—15] and
we use the partial decay widths summarized in [64]. Two
basic processes contribute to the decay modes: charged
current decays leading to final particles such as lepton pairs
(v,, e) or up/down quark pairs (u, d), and neutral current
decays, leading to fermion pairs ff. For the decays N —
vee“et and N - v,v,D,, both processes can contribute,
with interference. The general formula for charged current-
mediated processes, such as N — e‘vﬂf; (# # e) and

N — eu;dj, is

2 05

FON Y o I X0 x), (4)

(N = e ud) = 19973

where G = 1.166 x 107 GeV~2 is the Fermi constant

and x, = ,"n—lN X, =2 x, = :’nq—;’/ The function I(x,, x4, X;)

my’
accounts for corrections due to finite masses of the final-
state fermions. The full expression is given in [13,65].
Likewise, the decay width for neutral current-mediated
decays N — v,ff depends on the types of final fermions.
For the case of pure neutrino final states, the decay width

simplifies to

2.5
Gpmy,

F(N e l/el/ﬁl_/ﬂ) == (1 + 6eﬂ) W

Venl?. (5)

At masses below the QCD scale (my < Agcp), the decay
products form single mesons, and decay modes involving

charged and neutral mesons are considered. The decay
widths for these processes are derived for charged pseu-
doscalar mesons (7%, K*), neutral pseudoscalar mesons
(7°, 1), charged vector mesons (p*, af), and neutral vector
mesons (p°, a¥). For HNLs with masses above 1 GeV,
multihadron final states become kinematically accessible.
The total hadronic decay width, I,4, iS estimated by
comparing the decay width into quarks and the correspond-
ing loop corrections, which are similar to those found for
z-lepton decays. QCD corrections are expected to be less
than 30% for HNLs with my 2z 1 GeV. Overall, the full
hadronic decay width dominates for my = 1 GeV.

Corresponding to their total decay width, HNLs are
naturally long-lived if light compared to the mediating
SM gauge bosons and for the small active-sterile mixing
strength expected for successful light neutrino mass gen-
eration,

(6)

10719 /10 GeV)\ 2
Ly ~25 mm - ( ¢ )

[Venl? my

This approximation is roughly valid for 1 GeV <my < my,.
HNLs lighter than a few GeV can be abundantly produced
in beam dump experiments through meson decays, result-
ing in displaced vertex signatures that can be searched for
with small background rates. As representative examples,
we will highlight the sensitivity of DUNE [57,58],
MATHUSLA [59,60], and SHiP [61], to compare with
GW observations in the framework considered here. The
strong sensitivity of such high-luminosity, displaced-vertex
searches will be shown in Figs. 4 (right) and 6, which
shows the future sensitivities as well as current constraints
on the active-sterile mixing strength |V,y|? as function of
the HNL mass my,.

B. Neutrinoless double beta decay

The most sensitive probe of the Majorana nature of
light active neutrinos is Oyff decay [66]. In addition, Ovff
decay is sensitive to other exotic sources of lepton number
violation [67—74]. This includes the exchange of Majorana
HNLSs. In the simplified scenario of a single HNL mixing
with electron flavor, the decay half-life T?’;z for my 2

100 MeV is approximately [75]

10% yr <|V6N|2 1 GeV>2
v, 107°  my

(7)

Here, nuclear matrix elements for the isotope "°Ge [70]
are used. The dependence is modified around the
Oypf momentum scale ~100 MeV and at the crossover,
the momentum dependence should be accounted for
more carefully [76,77]. The sensitivity in Eq. (7) is
compared with 70", (7°Ge) = 10°® yr, the projected reach

of large enriched germanium experiment for neutrinoless
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double-beta decay (LEGEND)-1000 [78]. Current exper-
imental limits are of the order T(l)‘/’2 > 10% yr [79,80]. In
Figs. 4 (right) and 6, we likewise show the sensitivity of
Ovpp decay searches to HNLs, in comparison with direct

searches and GW observations.

III. HNL DOMINATION IN THE EARLY
UNIVERSE

As discussed above, the HNL can interact with the SM
plasma due to the active-sterile mixing via scattering,
annihilation, and decays. At temperatures much higher
than my, the interaction rate is approximated as
rint ~ G2T°|V,y|*. The HNL will be thermally produced
if the following condition is satisfied [8§1-85],

FiNm(Tmax) > 3H(Tmax)’ (8)

where H(T) = \/@%

radiation domination with g, being the relativistic degrees
of freedom and Mp, = 1.22 x 10" GeV being the Planck
mass. The factor 3 is usually taken in cosmology because in
an expanding Universe, the interaction rates should be
significantly larger than the Hubble rate in order to bring
the interacting species to thermal equilibrium. 7, is
the temperature when N production is maximum, given
by [83,86,87]

is the Hubble rate during

my \ /3
Thax ~ 1 vV .

This is derived by considering temperature and momentum-
dependent mixing strength of the HNL below electroweak
scale [84,88]. In this paper, we are only interested in thermally
produced HNLs. This gives a lower bound on the mixing
strength above which N can enter thermal equilibrium [83],

Vol 2 6 x 102 (L52V). (10)
eN ~ mN

After production, N remains in equilibrium until its
interaction with SM plasma freezes out at temperature 7 ;.
The evolution of the energy densities of N and radiation at
temperatures below T'; are estimated by the following set of
coupled Boltzmann equations,

py = =3H(pn + py) — Cn)(on — PN)-
pr = —4Hpr + (Tn)(py — PY)- (11)

where (['y) is the thermally averaged total decay width of
N. We ignored the scattering and annihilation terms
because they are frozen out below Ty The dot denotes
differentiation with respect to cosmic time. Here py and py/!
denote the energy density and equilibrium energy density
of N, respectively, while pp corresponds to the radiation
energy density of the Universe. The term p, represents the

1074

1078

plpr

107120

10716

0.1

FIG. 1. HNL energy density evolution, obtained by solving the
Boltzmann Eq. (11), for varying my and |V,y|? as depicted (red
solid and dashed curves). For comparison, the green curve
represents the HNL equilibrium energy density whereas the blue
curve shows the radiation energy density. Ty, indicates the
temperature of intermediate HNL matter domination with mass
my = 1 GeV as an example.

pressure of the HNL gas. To account for the transition
between relativistic (radiationlike) and nonrelativistic (mat-
terlike) regimes of N evolution, we assume py = py/3 for
Tz my and py =0 for T < my, where T is the temper-
ature of the Universe.

In Fig. 1, we show the solutions of the Boltzmann
equations. The blue solid line illustrates the evolution of the
radiation energy density as a function of the parameter
7z = my/T. The red lines depict the evolution of the energy
density of N, while the green solid line represents the
equilibrium energy density. The values of my and |V, y|*
are given within the plot. For z < 1, N behaves as radia-
tion, and its energy density evolves as a™*. For z > 1, N
becomes nonrelativistic and its energy density evolves as
matter (x a~>). We consider a thermal abundance of N at
z = 0.1 [which means Eq. (10) is satisfied] and demon-
strate the effect of my and |V,y|* on the evolution.

As shown in the plot, increasing the value of |V, |* leads
to an earlier decay of N. Before decaying, N becomes
nonrelativistic as long as its total decay width is smaller
than the Hubble rate at temperatures around my, i.e.,
'y < H(my). Assuming that the decay is instantaneous
and the decay products thermalize with the radiation bath
quickly, the decay temperature T4, can be estimated from
the condition I'y ~ H(T4.) as

Tee ~ (%)m (12)

056003-4



INFLATIONARY GRAVITATIONAL WAVES AND LABORATORY ...

PHYS. REV. D 112, 056003 (2025)

For sufficiently small values of my and |V,y|?, the
energy density of N eventually overtakes the radiation
energy density at temperature 7y, as shown in the plot for
|V .n|*> = 107!, giving rise to an early matter-dominated
epoch. For an initial thermal abundance of N, one can
calculate 744, as [48,89]

7 my
Tiom ~ =~ 2% my,. 13
@ 49*(Tdom) N ( )

We require T4 < T4om for the existence of the HNL-
dominated epoch. The decay of the nonrelativistic domi-
nating HNL species into SM particles ends the matter
domination, injecting entropy into the Universe and dilut-
ing all energy densities. The effect of this dilution is seen as
suppression of inflationary gravitational waves as we will
discuss in the next section. Figure 2 shows the timeline of
key events.

The effect on GW spectrum depends on the dilution
factor D, which is the ratio of comoving entropy density
after and before the decay event. Assuming the decay
products of N thermalize quickly with the radiation bath,
the dilution factor at the end of the N-dominated epoch can
be approximated as [48,49,90],

— s (Tafter ) 03 (Tafter)
s ( Tbefore ) 613 (Tbefore)

— (1 +2.95 (2;12(9*(T)>>§ (nTNmN)i>Z, "

45 (MpT'y)

where s and a are the entropy density and the scale factor,
respectively. Thegore/afier TEPTesents the temperature just
before/after the decay. The initial abundance of N is given
as the ratio ny/s. We assume that N freezes out while still
being relativistic in the parameter range considered. Hence
the maximum value of N abundance is [91],

where g, is the number of relativistic degrees of freedom
contributing to entropy density and we consider it to be
~106.75 for our analysis. We will use this dilution factor
as well as the decay temperature to calculate the GW
spectra later.

IV. PRIMORDIAL GRAVITATIONAL WAVES

The early Universe underwent an exponential expansion
phase known as inflation. This phase was followed by the
reheating process, which generated a high-energy plasma
consistent with the Standard Model of particle physics.
During inflation, PGWs emerged as quantum tensor
fluctuations in the metric. Initially, while outside the
cosmological horizon, these GWs maintained constant
amplitudes. However, once the GWSs re-entered the horizon
during the radiation-dominated epoch, their amplitudes
experienced damping. The propagation of GW modes that
re-enter the horizon is characterized by a transfer function.
We follow Refs. [48-51] to present the standard GW
spectrum and then introduce a new concept of relative
SNR to disentangle signals of EMD.

A. Gravitational waves spectrum

The energy density spectrum of the GWs, denoted as
Qgw (k), depends on the wave number k = 2z f, where f is
the frequency of the GWs [48]. It is given as

1 k
Qcw (k) = T <a0H0

2 .
) BweEw. o)
where ay = 1 is the present-day scale factor, and Hj =~
2.2 x 107 Mpc~! represents the current Hubble expansion
rate [52]. Here, PP"™(k) is the primordial tensor power
spectrum, and 7% (k) is the transfer function describing the
evolution of GWs as they propagate through a Friedmann-

™ _ %, (15) Lemaitre-Robertson-Walker background. The horizon re-
s 47" s entry temperature 75, is expressed as [39],
TRH Tf Tdom q o Tdec TBBN
HNL - dominati =
T T T omination  (w=0) T T ,
Radiation domination Early matter domination Radiation domination ”Today

GW Experiments

Tn[my, |Van ]

HNL Searches

Tn[my, |Ven|’]

I—

~—
Complementarity

FIG. 2. Schematic timeline of key events and eras of cosmic evolution. After reheating ends at Try, HNLs are produced thermally
from the SM plasma. The interactions decouple and HNLs freeze-out at temperature 7. Eventually, HNLs become nonrelativistic at
temperatures comparable to the HNL mass, T ~ my. At T4om, HNLSs start to dominate the energy density of the Universe. This gives rise
to a period of matter domination until the HNLs decay at around T4, kick-starting a second radiation dominated epoch before BBN.
The modified expansion of the Universe during the HNL-dominated era suppresses the GW spectrum from inflation, depending on my
and the active-sterile mixing |V,y|?. This effect can be detected in future GW experiments, complementing HNL laboratory searches.
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106.75\ 1/6 k
T. =5. 100 VvV 17
in = 3.8 10" Ge (g*(m) (1014 Mpc-l)’ (17)

where g, (T},) is the effective number of relativistic degrees
of freedom at temperature T;,.

The primordial tensor power spectrum P‘}ﬁm(k) can be
parametrized in terms of its amplitude Ay and spectral
index ny, defined at the pivot scale k, = 0.05 Mpc‘l [92],

rim k"
P = 4k () (18)
The amplitude A7 (k, ) is related to the scalar power spectrum
Ag(k,) and the tensor-to-scalar ratio r, with an upper bound
r < 0.035 from BICEP/Keck observations [93],

AT(k*) = AS(k*)r’

For our analysis, we fix » = 0.035. In standard single-field
slow-roll inflation with Bunch-Davies initial vacuum, the
spectral index ny satisfies the consistency relation ny ~ —r/8
[94], leading to a red-tilted spectrum (ny < 0). However,
alternative inflationary models and particle production mod-
els allow for deviations, including a blue-tilted spectrum
(ny > 0), which have significant theoretical motivation and
have been thoroughly analyzed in the literature [95-102]. For
our purpose we will keep ny as a free parameter.

The transfer function T%(k) is determined analytically
and numerically as

- (40) () 4

(20)

Ag(k,) =2.0989 x 10, (19)

where ¢? = 3.36 and ¢%; = 3.91 are the present-day values
of the relativistic degrees of freedom. The total matter
density parameter is Q,, = 0.31 [52]. Here, j;(z;) is the
spherical Bessel functlon with z;, = kzy and 7y = 2/H,.
For z;, > 1, corresponding to the frequencies of interest, the
damping factor simplifies to j, (z;) ~ 1/(v/2z;). The fitting
function F(k) varies depending on the thermal history of
the Universe.

In standard cosmology, the fitting function F(k) is given

by [103]
k k
F(k)ngad = T2 T2 21
( )stdnddrd 1<k ) (kRH> ( )

eq

whereas in the presence of an intermediate matter domi-
nation (IMD) phase, it takes the form

k k k k
=1 () 7 (1) % () 7 ()
b ! keq : kdec kdeCS kRH S

(22)

The key scales appearing above are given by,

keq = 7.1 x 1072 Mpc™" - Q,, 2, (23)
Te)\/6( T
k —17 1014 M -1 g*S( dec dec ,
dec x pe < & 107 GeV
(24)

Tru)\ /0 T
kou = 1.7 x 10" Mpe-! Q*S( RH RH ’
Ri = 10 PEUT o 107 GeV

(25)

kace' s = kaee D*?, krus = kgaD™'/. (26)
Here, Ty [defined in Eq. (12)] and Try correspond to the
reheating temperatures from HNL and inflaton decay,
respectively, with 4 = 0.7 being the reduced Hubble
parameter. The factor D accounts for the entropy dilution
during the IMD phase, defined in Eq. (14).

The fit functions T3(x), T3(x), and T3(x) are defined as

T?(x) = 1+ 1.57x + 3.42x2,

T3(x) = (1 — 0.22x%2 + 0.65x%)~",

T3(x) = 1 + 0.59x + 0.65x2. (27)
Using Eq. (16), the GW spectrum Qgwh? as a function

of the current frequency can be plotted. The spectrum
undergoes suppression above a characteristic frequency

Ssup» glven by [29]

T
~ -8 dec
Soup =2.7x107° Hz (GeV>' (28)
The suppression factor, Ry,,, comparing the IMD spectrum
to the standard case, reads

QIMD 1
RSUP Qstandard DA /3 (29)

Ideally when D = 1, there is no suppression and QMD
approximates Q&andad, However, the numerical formulas in
Eq. (27), especially the 0.59x factor in T3(x) produces a
bump in the GW spectrum for small values of the dilution
factor D (see Fig. 1 in [32]). As suggested therein, we
ignore this 0.59x factor for D < 10, but we still see a small
bump when D < 2. Therefore, we take a smooth inter-
polation from QMD o Qandard 45 D varies from 10 to 1,

‘ . 2
interpolation __ ~IMD standard IMDy |~
Qe = QW + (QE - QW) [1 ) 1]»

(30)
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Planck 2018

1078 B,

10—13 L
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10718}

Example GW spectra demonstrating the effect of varying the HNL mass m,, and the active-sterile mixing |V, y|? on suppression

depicted by the black solid (my =3 GeV) and dashed (my =5 GeV) curves. Left and right plots correspond to spectral indices
ny = —r/8 (implying slow-roll inflation) and 0.3 (blue tilted), respectively. The gray solid curve indicates the case without HNLs and thus
no intermediate matter domination. Other parameters we have taken are r = 0.035, Tgyy = 10° GeV. The dark/light gray regions on top
are the current AN, bounds from BBN and cosmic microwave background (CMB), respectively, that rule out Qgwh? = 1076, The red
region corresponding to LIGO is also ruled out. The other colored regions represent expected sensitivities of future GW observations.

where p(D) depends on the dilution. For p =0, the
spectrum is described by Q2P while for large p values,
the spectrum smoothly transitions to Qf@ndad We take the
form of the parameter p(D) = 10e~(P~!) for our analysis.

In Fig. 3, we show example GW spectra for various
values of my and |V, y|*. The left plot shows the spectra for
ny = —r/8 corresponding to slow-roll inflation, with
r = 0.035. The right plot shows blue-tilted spectra with
ny = 0.3. The standard PGW spectrum is represented by
the solid gray curve, corresponding to no intermediate
matter domination. The dashed and solid black curves are
the suppressed spectra for my = 5 and 3 GeV, respectively.
We take Try = 10° GeV for both the plots and demon-
strate the effects of nz, my, and |V,y|* on the suppression
of the spectra.

The shaded colored regions represent the noise curves
for various existing and upcoming gravitational wave
experiments, including LIGO [16,17], aLIGO [104], big
bang observer (BBO) [105], laser interferometer space
antenna (LISA) [106], einstein telescope (ET) [107],
THEIA [108], yARES [109], European pulsar timing array
[110], and square kilometer array (SKA) [20]. The blue
violin curves show recent NANOGrav (NG) results [23].
Future missions such as Super-PIXIE [111] and VOYAGE
2050 [112] are designed to detect gravitational wave
signals through spectral distortions in the cosmic micro-
wave background. The current bounds on AN ¢ from BBN
and CMB are shown as gray boxes at the top while the
future projections are shown as horizontal gray lines.

In Fig. 4, the left panel shows the GW spectra for the
benchmark points given in Table I, while the right panel

shows the benchmark points in the HNL parameter space.
The purple dashed, blue dot-dashed, red dotted, and
green-dotted lines show the damped GW spectra with HNL
domination for the benchmark points BP1, BP2, BP3, and
BP4. The shaded region indicates the GW sensitivity
curves of the SKA and THEIA experiments. In the right
panel, colored dashed lines represent the projected sensi-
tivities of DUNE, MATHUSLA, and SHiP, while the dot-
dashed black line shows the BBN bound on the lifetime of
HNL [81]. Below the BBN line, the lifetime of HNL
exceeds ~0.02 s and for my larger than the mass of pion,
the decay of HNL to pions during BBN can lead to
overproduction of primordial helium-4. Hence this region
must be excluded. The gray region at the bottom represents
nonthermal production of HNL where Eq. (10) is not
satisfied and we have not studied that region in this paper.
BP1 lies within the sensitivity of SHiP and LEGEND-1000,
while BP2 and BP3 fall within DUNE’s, indicating
potential signals in both GW and laboratory experiments.
Note that BP3 is excluded by BBN, however this is a weak
bound due to inherent uncertainties in its calculation.
Recent studies [113,114] provide more stringent con-
straints on the parameter space my vs |V,y|? by analyzing
the effects of matter-domination during BBN in light of
CMB and BBN data. Future experiments such as CMB-S4
are expected to provide significantly improved measure-
ments, potentially tightening these constraints further.

B. Signal-to-noise ratio

Interferometers serve as precision instruments to mea-
sure displacements caused by gravitational waves (GWs),
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FIG. 4. Left: GW spectra for the benchmark points in Table I, with the primordial tensor spectral index ny = 0.3 and the tensor-to-scalar
ratio r = 0.035. The colored regions represent the sensitivity of the future GW observations at SKA and THEIA. Right: Current constraints
(blue region) and future sensitivities (colored curves labeled DUNE, MATHUSLA, SHiP) of direct HNL searches on the active-sterile mixing
|V,y|? as a function of the HNL mass m,. Also shown are the current constraint from Oy decay at KamLAND-Zen and the future
Oupf decay sensitivity at LEGEND-1000. The region to the left of the curve labeled “BBN” is disfavored by big bang nucleosynthesis
and HNLs are not thermally produced in the gray region. The line labeled “Seesaw” indicates successful neutrino mass generation,
m, = |V, y[*my = 0.1 eV, in the canonical seesaw. The stars indicate the same benchmark points from Table I as in the left panel.

expressed in terms of the dimensionless strain-noise  ratio (SNR) based on the experimental sensitivity curve

hgw(f). The strain noise is intrinsically connected to the
amplitude of gravitational waves and can be translated into
the corresponding energy density spectrum. This relation-
ship is given by

2 71'2 f2

S G1)

Qexp (f) h2 -

where H|, is the present-day Hubble expansion rate, defined
as Hy = h x 100 l;',Inp/cS, with & denoting the dimensionless

Hubble parameter.
To determine the detectability of the primordial gravi-
tational wave background, we compute the signal-to-noise

TABLE L

Qexp(f Yh?, which may represent current measurements or
future projections. The SNR is given by

fmax QGW (f) h2> 2
SNR = d , 32
\/ fmm f exp (f) h2 ( )

where 7 is the total observation time and the integral runs
over the frequency range [fmin» fmax)- FOr the purposes of
this analysis, we assume an observation time of 7 = 4 yrs
and set h = 0.7. A detection threshold is established by
requiring a signal-to-noise ratio of SNR > 10 [115,116].
In Fig. 5, we show regions with SNR > 10 in the parameter

Benchmark points and their SNR; projections in THEIA, u-ARES, LISA, BBO, and ET. BP1 comes within sensitivity of

SHiP and LEGEND-1000, while BP2 and BP3 are sensitive in DUNE. The benchmark BP4 satisfies the type-I seesaw relation and
generates light neutrino masses. The value of tensor-to-scalar ratio is » = 0.035 and inflationary reheating temperature is

TRH - 109 GeV.
SNR, x 100%
ny =-—r/8 ny =0.3

Benchmark my (GeV) [V l? BBO u-ARES THEIA LISA ET
BP1 0.80 2x107° 0.8% 0.8% 0.5% 0.8% 0.8%
BP2 0.37 1 x10°8 0.5% 0.5% 0.4% 0.5% 0.5%
BP3 0.20 2x 1078 5.8% 5.8% 5.5% 5.8% 5.8%
BP4 2.00 3x 107! 31.7% 31.7% 22.4% 31.7% 31.7%
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1074

107t

nr

FIG. 5. Future detectability of standard PGW spectra (no
intermediate matter domination) across GW experiments. Re-
gions to the right of each colored line indicate where SNR > 10
in the (ny, r) parameter space for different GW experiments. The
dashed line n; ~ —r/8 denotes standard slow-roll inflation. We
fix Try = 10° GeV.

space spanned by ny and r for different future GW
experiments. Here, we only consider the standard primor-
dial GW spectra and assume a reheating temperature of
Try = 10° GeV. The vertical dashed line corresponding to
ny ~—r/8 represents the standard slow-roll inflation,
which can be tested only with BBO, ET, and u-ARES.
We see that ny > 0 is required to get a detectable GW
signal in LISA, THEIA, and SKA. The figure illustrates
that primordial GWSs are in principle detectable over a wide
range of parameters. While positive values of ny are
preferred, this includes predictions from standard slow-roll
inflation. Such a signal is then further modified by the IMD
driven by a right-handed neutrino species in the early
universe as our main effect of interest.

C. Bounds from dark radiation

We present here the effective constraints on dark radiation
arising due to BBN and CMB decoupling. Since gravitons
behave as massless radiationlike degrees of freedom, the
primordial gravitational wave (GW) energy density consid-
ered should remain below the observational limits on any
such additional dark radiation. This is conventionally
expressed in terms of deviations in the effective number
of relativistic degrees of freedom, AN.. The constraint on
Qgw(f) at the time of recombination is usually expressed in
terms of [117]

o d
Tfszc,w( 2 <56 x 10°AN;.  (33)
fmin

Here, the lower bound of integration, f,, typically differs
depending on the cosmological epoch under consideration.
Particularly, we know that for BBN, f ., ~ 10719 Hz, while

for CMB constraints, it is approximately taken to be
fmin ~ 107'8 Hz. Nonetheless, as for all practical purposes,
such as when comparing multiple GW spectra or analyzing
their peak contributions, it is more than sufficient to
approximate these constraints by ignoring the detailed
frequency dependence and instead focusing only on the
total energy density at the spectral peak. This simplifies a lot
and consequently leads to the expression

QP2 < 5.6 x 1070 AN 4. (34)

For our present analysis, we incorporate current bounds on
AN, derived from BBN observations and the PLANCK
2018 data from Ref. [118]. Additionally, we explore the
sensitivity reach of upcoming CMB experiments, including
CMB-S4 [119,120], CMB-Bharat [121], and CMB-HD
[122,123]. These we expect to significantly refine the
constraints on ANy or discover extra dark radiation and,
consequently, provide sensitivity reaches on the primordial
GW energy density.

D. Results

We present the projected sensitivities of future GW
experiments in the parameter space of the HNL. In Fig. 6,
we show laboratory searches for HNL described in Sec. 11,
along with contours of the relative SNR defined as

SNR.. = SNRy — SNRpvp
rel = SNRstd

(35)

for various GW experiments where SNR, is the SNR of the
standard spectra, which is a constant for a given GW
experiment given fixed values of r, ny and Try. SNRyvp
is the SNR of the suppressed GW spectra due to HNL
domination. The quantity SNR,; signifies the deviation of
the GW spectra from the expected standard spectra such that
larger value of SNR,,; correspond to larger suppression. It
varies between 0 and 1 with 0 signifying no suppression and
1 signifying huge suppression or no detection prospect.
Another benefit of showing SNR,; instead of just showing
SNRyyp is that the effects of r, ny, and Try are canceled out
in SNR,;. For u-ARES and BBO, we take ny = —r/8
corresponding to slow-roll inflation, with r = 0.035.
However, for THEIA, LISA, and ET, we take ny = 0.3.
We find that for ny = 0.3, all the benchmark points are ruled
out by LIGO data if Tgy = 10° GeV. We take Try =
10° GeV for all the plots in Fig. 6. The light brown region
signifies the scenario where HNLs do not dominate in the
early Universe, hence SNR,; ~ 0 (due to numerical uncer-
tainties, we ignore SNR; < 0.003), i.e., we can not differ-
entiate the GW spectra from the standard spectra. The yellow
region is where 0.003 < ASNR < 0.9 while the red region is
where SNR; > 0.9. We put a threshold, SNR > 10 for these
plots signifying a 5o detection prospect at all these GW
experiments. The white region in the bottom left of each plot
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107°
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domination

nr=03

r=0.035
ThH =
\

Non-thermal production
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No HNL

domination

107! 1 10
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FIG. 6. Projected sensitivities for HNLs with mass m,y and active-sterile mixing |V, y|* at different future GW observations, in terms of
the relative signal-to-noise ratio SNR.;: SNR; < 0.003 (no HNL domination, brown region); 0.003 < SNR,; < 0.9 (weak domination,
yellow region); SNR,; > 0.9 (strong domination, red region). A white region in the bottom left indicates an absolute SNRyy;p < 10 that
is undetectable in the given GW observation. For comparison, each panel shows the current constraints and future sensitivities from
direct and Ovfp decay searches for HNLs, as described in Fig. 4.
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represents SNRpp < 10, 1.e., GWis difficult to detect in this
region due to large suppression.

The value of ny taken for each plot is shown in the plot.
The four benchmark points BP1, BP2, BP3, and BP4 are
testable in both GW and laboratory experiments. The
corresponding values of SNR,; for the benchmark points
at various GW experiments are shown in Table 1. We find
that SNR,; < 1% in case of BP1 and BP2 in all GW
experiments, implying marginal complementarity of GW
experiments with SHiP and DUNE. However we see there

107°
LIGO (SNR > 10)
r=0.035
Try = 1010GeV
1077
N
=
Y
— 107°

107! 1 10
my [GeV]

aLIGO (SNR > 10)
r=0.035
TRy = 101°GeV

107! 1 10
my [GeV]

is aregion in the parameter space (0.6 GeV <my <1 GeV
and |V,y| ~ 107%) with large SNR,;, which is also sensitive
to LEGEND-1000. GW searches can also probe regions of
the parameter space where no laboratory searches reach.
For example GW can probe the seesaw line (solid blue line)
where active neutrino masses are successfully generated via
the seesaw mechanism, as depicted by the benchmark BP4.
Note that for all the benchmark points, SNR,; in THEIA is
smaller than that in other experiments. This is due to the
fact that for all the benchmark points, the frequency of

107°

LIGO (SNR > 10)
nr = 0.4

TRH =1 01°GeV

aLIGO (SNR > 10)
nr=0.4

TRH =1 01°GeV

1077

1 10
my [GeV]

FIG. 7. Regions with SNR > 10 (green) for LIGO (top) and advanced LIGO (bottom) in the RHN parameter space. The left panels
show the effect of varying the spectral index, n;y = 0.3, 0.4, and 0.5, keeping the tensor-to-scalar ratio » = 0.035. The right panels show
the effect of varying r = 0.035, 0.02, and 0.005, for a fixed value of ny = 0.4. All plots assume a constant reheating temperature

TRH = 1010 GeV.
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suppression fg,, defined in Eq. (28) lies within the
frequency range of THEIA.

E. Constraints from LIGO

LIGO is a large-scale experiment designed to detect
high-frequency gravitational waves in the range of approx-
imately 30-207 Hz. Its upgraded version, aLIGO, features
significantly enhanced sensitivity over a broader frequency
band, extending from ~20 to 450 Hz. Data from aLIGO’s
fourth observational run is expected to be released by the
end of 2025. Figure 7 shows the current and projected
constraints from LIGO and aLLIGO in the parameter space
of my and |V,y|>. The green shaded regions in the upper
panels show SNR > 10 constraints for LIGO, while the
lower panels display projected regions for alLIGO. The left
column explores variations in the tensor spectral index ny
for fixed r, whereas the right column varies r at fixed ny. In
all plots, the reheating temperature Ty = 10'0 GeV is
assumed. It can be clearly seen that higher value of ny and r
increases the amplitude of GW hence increasing SNR in
the LIGO and alLIGO. We find that for ny; = 0.3 and
Tru < 10° GeV, LIGO does not put any constraint on the
considered parameter space. Hence, the HNL parameter
space is allowed in Fig. 6 for Tgy = 10° GeV.

V. DISCUSSION AND CONCLUSIONS

Inflationary gravitational waves offer us a unique window
into heavy and high energy particle physics that is otherwise
inaccessible to terrestrial experiments [45,124—129]. In this
work, we show that GWs can probe long-lived RHNs by
discerning deviations from the standard thermal history due
to a brief period of early matter domination during the pre-
BBN era. Starting from a thermal initial abundance, the
suppressed decay rate of RHNs enables them to survive and
dominate the energy budget of the universe temporarily,
leaving imprints in the inflationary GW spectrum in the form
of a characteristic dip in the amplitude. The entire setup is
therefore described by a minimal set of independent param-
eters: the mass of RHNS, my, and the active-sterile mixing,
|V n|?. We find a novel complementary signature for long-
lived RHNs in GW searches THEIA, LISA, ET, u-ARES,
and BBO, by studying the effect on the GW spectral shape
caused by a period of early matter domination due to long-
lived RHN, see Fig. 3. We find that ET, THEIA, and LISA
will not be able to detect significant suppression of PGW
spectra for ny < —r/8 with r = 0.035. Specifically, THEIA
and LISA require ny 2 0.3 for detection. However, in this
case, LIGO rules out most of the parameter space considered,
if Tgyy = 10° GeV. In Fig. 5 we show the regions with
SNR > 10 for standard GW spectra without IMD in the
parameter space (nz, r). We find that very small parameter

space gives a detectable signal for experiments like BBO, ET,
and p-ARES under the standard slow roll scenario. For other
GW experiments such as LISA, THEIA, and ET, a blue-tilted
PGW spectrum (ny > 0) will be detectable.

We compare the resulting sensitivity with that of labo-
ratory searches for RHNs, namely beam dump experiments
and Ovpp decay, where long-lived RHNs can be searched for
experimentally in light-dark sector searches involving inten-
sity, lifetime, and beam dump experiments. We explored the
parameter space in Fig. 6, highlighting the projected sensi-
tivity of long-lived particle searches at DUNE, MATHUSLA,
and SHiP as well as the Oy decay search at LEGEND-1000.
Interestingly, we demonstrated overlapping regions of sensi-
tivity in such searches with detectable signals within four
years of exposure for the GW detectors considered. These
may serve as complementary signatures for RHNs and give a
deep insight into the mechanism of neutrino mass generation.
This is expected to enhance the existing complementarity
between laboratory searches [130] and would provide
direct evidence of RHNs in early cosmology. The RHN
mass and mixing range probed by laboratory experi-
ments and GW detectors is 0.2 GeV < my <2 GeV and
10719 < |V, y[> £ 1077, as evident from Fig. 4.

In addition, GW detectors can probe regions of parameter
space not reachable by laboratory experiments, particularly
the canonical seesaw regime of light neutrino mass gener-
ation. This regime is difficult to probe with direct laboratory
and GW signals may not only be able to shed light on this
important seesaw regime but also various well-motivated
dark sectors, especially in the weakly coupled regimes, such
as the neutrino-portal portal freeze-in dark matter [65], axion-
portal RHNs [131], and low scale leptogenesis [132]. We
plan to look into such analyses in a future publication. We
emphasize again that hunting for apparently disjointed
signals in laboratory experiments and cosmological probes
will help us to break degeneracies beyond the SM theories of
cosmology that involve multiple energy scales and heavy
scales, thus providing a possible pathway to the community
and a promising way to search for new physics in the
upcoming years.
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