
PI/UAN-2021-712FT

Probing pre-BBN era with Scale
Invariant FIMP

Basabendu Barman , a Anish Ghoshal b

a Centro de Investigaciones, Universidad Antonio Nariño
Carrera 3 este # 47A-15, Bogotá, Colombia
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Abstract. Detecting dark matter (DM) relic via freeze-in is difficult in laboratories due to
smallness of the couplings involved. However, a non-standard cosmological history of the
Universe, prior to Big Bang Nucleosynthesis (BBN), can dramatically change this scenario.
In this context, we study the freeze-in production of dark matter (DM) in classically scale
invariant U(1)X gauge extension of the Standard Model (SM), recently dubbed as the Scale
Invariant FIMP Miracle. We assume an additional species dominates the energy density
of the Universe at early times, causing the expansion rate at a given temperature to be
larger than that in the standard radiation-dominated case. We find, the out-of-equilibrium
scattering processes involving particles in the thermal bath lead to significantly suppressed
DM production in this era, thereby enhancing the couplings between the visible and the
dark sector (by several orders of magnitude) to satisfy the observed DM abundance, and
improving the detection prospects for freeze-in in turn. Scale invariance of the underlying
theory leaves only four free parameters in the model: the DM mass mX , the gauge coupling
gX , the temperature of transition TR from early scalar-dominated to radiation-dominated era
and the power-law dependence n of this temperature. We show, within this minimal set-up,
experiments like FASER, MATHUSLA, DUNE, SHiP will be probing various cosmological
models depending on the choice of {n, TR} that also satisfy the PLANCK observed relic
density bound. Moreover, due to the presence of a naturally light scalar mediator, the direct
detection of the DM at XENON1T, PandaX-4T or XENONnT becomes relevant for Higgs-
scalar mixing sin θ ' {10−5 − 10−3}, thus providing complementary probes for freeze-in, as
well as for non-standard cosmological pre-BBN era.
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1 Introduction

With the Higgs boson being discovered at the LHC [1, 2], the so-called Higgs mechanism [3–5]
for generating masses of all Standard Model (SM) particles in a gauge invariant manner was
verified but the Higgs itself carries an ad-hoc negative mass term at the electroweak (EW)
scale which is unstable against the Planck scale induced diverging quantum corrections [6].
Pathways to address this well-known “naturalness problem” have been the guiding principle
behind numerous beyond the SM (BSM) extensions, like supersymmetry (SUSY), Higgs
compositeness, extra dimensions, to name a few (for a review, see Ref. [7]) 1. Alternatively
scale invariance if assumed to be a symmetry of the action at the classical level naturally
gets rid of the µ2 mass term or any other dimensionful parameters 2. In the SM itself as
pointed out by Coleman and Weinberg (CW) in their seminal work in Ref. [46], this scale-
genesis of electroweak scale works in principle, but given the experimentally observed masses
of top quark and electroweak gauge bosons the potential in unstable. However, several BSM
scenarios with additional bosonic contributions3 to the Higgs work with a “hidden sector”
that via dimensional transmutation leads to generation of the SM Higgs mass [21–23, 29, 48–
76].

Such a context to dark sector BSM set-up naturally raises the motivation for solving the
dark matter (DM) problem of the Universe. The origin and composition of such a particle
DM hypothesis is amongst one of the biggest open questions [77–79]. The Weakly Interacting

1In context to non-local QFT with higher-derivatives, motivated from string field theories, see [8–11] for
solving naturalness.

2Scale-invariance, or more generically conformal invariance, has been a direction of model-building for
the hierarchy problem in the SM [12–14, 14, 15, 15–30], and in cosmology provides naturally flat inflation-
ary potentials [14, 26, 31–36], and leads to very strong first-order phase transitions in early Universe and
consequently high amplitude detectable gravitational wave (GW) signals [37–45].

3Recently the Neutrino Option idea considers threshold corrections (as an alternative to bosonic correc-
tions) to generate the Higgs mass via fermionic loop [47].
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Massive Particles (WIMPs) having a thermal relic abundance, naturally close to the observed
DM cosmological abundance, require a DM-SM interaction cross-section of the order [80–
82] 〈σthvrel〉 ' 3 × 10−26 cm3 sec−1, where the brackets denote thermally averaged quantity
and vrel is the Møller velocity (see [83] for details). The cross section σthvrel is typical of
the order of SM electroweak interactions, and hence this is often referred to as the “WIMP
miracle.” With great experimental efforts over the last 30 years we have found no clinching
evidence of the existence of the such thermally frozen out DM; in fact we have obtained
strong bounds on the interaction strength between DM and the SM particles from direct
detection experiments [84–89], indirect detection [90, 91] and through collider searches, for
example, at the Large Hadron Collider (LHC) [92–94].

This provides the motivation to consider alternative non-thermal DM production, par-
ticularly the observed DM abundance may have been generated out of equilibrium by the
so-called freeze-in mechanism [95–97]. In this scenario, the DM particle couples to the visible
sector very feebly, so that chemical equilibrium is never achieved in the early Universe. The
DM particles are mostly produced by the decay or via annihilation of the bath particles,
until the production stops due to cooling of the bath temperature below the relevant mass
scale of the mediator that connects the DM with the visible sector. Typically, Infra-red (IR)
freeze-in is important at lower temperature [95–102], while Ultra-violate (UV) freeze-in at
higher temperatures (roughly the reheating temperature of the Universe) [96, 103–111]. Due
to the smallness of the coupling strengths involved in the processes, it is quite challenging
to see any laboratory imprints (direct searches or otherwise) of frozen in DM. One of the
plausible pathways to detect freeze-in dark matter is supposing DM production in the early
Universe proceeds via the decay of thermal bath particles. This necessarily means that the
feeble couplings associated with such decays would make the dark sector particles very long-
lived and be searched at the LHC and beyond (see, for example, Ref. [112]). Though this
provides a very promising and suitable avenue to probe freeze-in DM scenarios [113, 114], but
on the other hand, if the DM freeze-in production happens via scattering, then depending
on the nature of the portal (scalar-portal, vector-portal, etc.) one may look for the long
lived mediator particles in current and upcoming lifetime and intensity frontier experimental
searches [71, 73, 115–119]. In this context we recently proposed a prescription, dubbed as
theScale Invariant FIMP Miracle, where we showed in a simple scale-invariant Higgs-portal
vector DM framework, due to constrained relations among the quartic and gauge couplings
the mixing in the scalar sector is always set to be a fixed number sin θ ∼ O(10−5) to produce
the observed DM abundance via freeze-in [116]. Moreover, in such a framework, direct de-
tection of freeze-in DM [65, 115, 120] also becomes important, again due to the underlying
scale invariance of the theory that provides a naturally light non-standard Higgs that can
also be searched for in several lifetime/intensity frontier facilities.

In this paper we explore a cosmological option for freeze-in DM candidates that can
give rise to observed relic abundance for large couplings with the visible sector, and thereby
boosting the detection prospects4. Traditionally, DM production in the early Universe relies
on the central assumption that at the time of DM production, the energy budget of the
Universe was dominated by radiation. We know from Big Bang Nucleosynthesis (BBN) that
this is definitely the case at temperatures around and below TBBN ' few MeV [124, 125].
However, we have no direct information about the energy budget of the Universe at very early
times i.e., pre-BBN epoch. The WIMP or FIMP relic may differ by orders of magnitude if

4DM genesis in a modified cosmological scenario, under the influence of an early matter era has been
discussed in [121–123].
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deviations from a standard cosmological history are considered. Following the prescription
in [126, 127], in order to investigate freeze-in DM production in non-standard cosmological
era, a species ϕ is introduced with the following characteristic of energy density red-shifting
with the scale factor a as

ρφ ∝ a−(4+n) (n > 0) , (1.1)

where n = 0 corresponds to the case of standard radiation-dominated era. We also define
TR & TBBN as the temperature of transition from early matter domination era (due to ϕ)
to radiation-domination era. Hence, in the independent two-dimensional parameter space
{TR, n} of all possible cosmological backgrounds, we investigate the DM production. As
expected, due to the presence of a new species, the Hubble parameter is always larger than
that in the radiation-dominated-era and the Universe expands faster when at temperatures
T > TR. As it has already been established in [127], in a faster-than-usual expanding
Universe, freeze-in production is suppressed, implying that to produce enough DM to match
the observations, larger couplings, and thus larger detection rates, are in order5. In the
same spirit, for the scale-invariant vector DM model discussed in Ref. [116], we show the
scalar mixing sin θ (or equivalently the DM-SM coupling) can be improved by several orders
of magnitude with respect to the standard radiation domination once a faster expansion is
invoked. This, as one can understand, drastically improves the detection prospects of the
freeze-in DM in different experimental facilities. We also show very large n values which
require larger DM-SM coupling to produce the right abundance, are not only discarded from
the condition of non-thermal DM production (depending on the choice of TR), but also from
existing experimental bounds. We thus turn the argument around and constrain physically
realizable cosmological models which can give rise to faster expansion rate by remaining well
within experimental limits.

The paper is organized as follows: in Sec. 2 we briefly describe the scale-invariant Higgs-
portal vector dark matter model, we then motivate a faster cosmological expansion history of
the Universe in Sec. 3, in Sec. 4 we investigate various collider and/or low energy experimental
probes of the model and finally we conclude in Sec. 5.

2 Model Set-up

Here we describe the scale invariant Higgs-portal abelian vector dark matter model briefly
(the model has been introduced in detail in [116]). The SM gauge symmetry is augmented
with an abelian U (1)X gauge symmetry and a complex scalar S, such that under a discrete
Z2 symmetry the new fields transform as

Xµ → −Xµ; S → S? , (2.1)

while all the SM fields are even under the Z2. The interaction Lagrangian therefore turns
out to be

L ⊃ −1

4
XµνX

µν + |DµS|2 − V (H,S) , (2.2)

where H is the SM Higgs doublet and Dµ = ∂µ + igX Xµ is the covariant derivative. Next,
we consider the tree-level renormalizable scale-invariant scalar potential as

V (H,S)cl = λH |H|4 + λS |S|4 − λHS |H|2 |S|2 , (2.3)

5For freeze-out phenomenology in a fast expanding Universe see, for example, Refs. [128, 129].
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which shows that the dark and the visible sectors communicate via the renormalizable λHS
coupling with the limit λHS → 0 corresponds to the case where the hidden sector completely
decoupled from the visible sector. As the classical potential is zero along the so-called “flat
direction”, the one-loop correction necessarily dominates there. Since at the minimum of
the 1-loop effective potential Vcl ≥ 0 and V 1-loop

eff < 0, the minimum of V 1-loop
eff along the

flat direction, where Vcl = 0, is a global minimum of the full potential [68, 69]. Therefore,
spontaneous symmetry breaking (SSB) indeed occurs and we expand the fields around the
minima

S =
1√
2

(s+ vs) , H =
1√
2

{
0, h+ vh

}T
, (2.4)

where the two VEVs are related via

v2
h

v2
s

=
λHS
2λH

, (2.5)

defining the “flat direction”, along which Vcl = 0. As S receives a non-vanishing VEV, the
mass of the U (1)X gauge boson i.e., the DM can be expressed as

mX = gXvs ≡ gX
√

2λH/λHS vh . (2.6)

To calculate the tree-level masses, we construct the mass matrix in the weak basis as

M2 =

(
2v2
hλH −vhvsλHS

−vhvsλHS 2v2
sλs

)
. (2.7)

We can then rotate it to the physical (mass) the basis via(
h1

h2

)
=

(
cos θ − sin θ
sin θ cos θ

) (
h
s

)
(2.8)

where the mixing angle is given by

tan 2θ =
2vh vs
v2
h − v2

s

=⇒ sin θ =
vh√
v2
h + v2

s

≈ vh
vs

(2.9)

for vs � vh. In tree-level, the field h2 being along the flat direction, is massless6. This
acquires a radiative mass along the flat direction à la Coleman-Weinberg [46], and becomes a
pesudo-Nambu-Goldstone boson (pNGB) at quantum level. The field h1, on the other hand,
is perpendicular to the flat direction which we identify as the SM-like Higgs, observed at the
LHC with a mass of mh1 = 125 GeV [69].

As mentioned above, the scale invariance of the theory gives rise to massless scalar
field in the classical level. One loop correction then breaks the scale invariance giving mass
to the massless eigenstate h2. Following [130], the 1-loop effective potential can be written
as [19, 23, 48, 68, 69, 131]

V 1-loop
eff = αh4

2 + βh4
2 log

h2
2

µ2
, (2.10)

with α, β as dimensionless constants defined as

α =
1

64π2 v4

∑
j

gjm
4
j log

m2
j

v2
, β =

1

64π2 v4

∑
j

gjm
4
j , (2.11)

6This field with vanishing zeroth-order mass, is dubbed as “scalon” [130].
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where gj and mj are the tree-level mass and the internal degrees of freedom of the jth

particle, v2 = v2
s + v2

h and µ is the renormalization scale. Minimizing Eq. (2.10) we find that
the potential has a non-trivial stationary point at [23, 48]

µ = v exp

(
α

2β
+

1

4

)
. (2.12)

The 1-loop potential can now be re-written utilizing Eq. (2.12) as

V 1-loop
eff = β h4

2

[
log

h2
2

v2
− 1

2

]
. (2.13)

With this we can now express the mass of h2 as [46, 130]

m2
h2 =

d2V 1-loop
eff

dh2
2

∣∣∣
v

= 8β v2 , (2.14)

where again we see for β > 0 this is positive definite. Taking all standard and non-standard
particles into account, we obtain

m2
h2 =

v4
h

8π2v2

(
λ4
H +

3

8
g4

2 +
3

16
g4

2

(
g2

2 + g2
1

)2
+ 3g4

X (vs/vh)4 − 3y4
t

)
(2.15)

where g2 and g1 are the gauge coupling corresponding to the SM groups SU(2)L and U(1)Y
gauge respectively, and yt is the SM top Yukawa coupling. Also note, the fermion contribution
appears with a relative sign. From Eq. (2.15) it is very important to note the role of the
U(1)X gauge boson, without which m2

h2
< 0 (or equivalently β < 0). This also puts a lower

bound on the DM mass in the present model, requiring mX & 240 GeV.

3 Freeze-in in the era of Fast Expansion

3.1 Fast expansion: summary

We assume the Universe before BBN has two different species: radiation and some other
species ϕ with energy densities ρrad and ρϕ respectively. In presence of a new species (ϕ)
along with the radiation field, the total energy budget of the Universe is ρ = ρrad + ρϕ. One
may always express the energy density of the radiation component as function of temperature
T as ρrad(T ) = π2

30 g?(T )T 4, with g?(T ) being the effective number of relativistic degrees of
freedom at temperature T . In the absence of entropy production per comoving volume
i.e., sa3 = const., radiation energy density redshifts as ρrad(t) ∝ a(t)−4. In case of a rapid
expansion of the Universe the energy density of ϕ field is expected to be redshifted faster than
the radiation. Accordingly, one can assume ρϕ ∝ a(t)−(4+n), where n > 0 implies ϕ energy
density dominates over radiation during early enough times. Now, the entropy density of the
Universe is expressed as s(T ) = 2π2

45 g∗s(T )T 3, where g∗s (T ) is the effective relativistic degrees
of freedom. A general form of ρϕ can then be constructed using the entropy conservation

g? (T )1/3 aT = constant in a comoving frame as

ρϕ(T ) = ρϕ(TR)

(
g∗s(T )

g∗s(TR)

)(4+n)/3( T

TR

)(4+n)

, (3.1)
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where the temperature TR is an unknown variable and can be considered as the point of
equality where ρϕ(TR) = ρrad(TR) is achieved. Using this, the total energy density at any
temperature T can be expressed as

ρ(T ) = ρrad(T ) + ρϕ(T ) = ρrad(T )

[
1 +

g∗(TR)

g∗(T )

(
g∗s(T )

g∗s(TR)

)(4+n)/3( T

TR

)n]
. (3.2)

Now, from standard Friedman equation one can write the Hubble parameter in terms of the
energy density as

H =

√
ρ

√
3MP

, (3.3)

with MP being the reduced Planck mass. At temperature higher than TR with g∗(T ) = ḡ∗
(some constant), the Hubble rate can approximately be recasted as

H(T ) = HR (T )

[
1 +

(
T

TR

)n]1/2

≈ πḡ
1/2
∗

3
√

10

T 2

MP

(
T

TR

)n/2
(T � TR) , (3.4)

where HR (T ) is the Hubble parameter in the standard radiation dominated Universe. In case
of the SM, ḡ∗ ≡ g∗(SM) = 106.75. It is important to note from Eq. (3.4) that the expansion
rate is larger than what it is supposed to be in the standard cosmological background for
T > TR and n > 0. The temperature TR can not be too small such that it changes the
standard BBN history, rather it follows

TR & (15.4)1/n MeV , (3.5)

as derived in Appendix. C. As one can see, for larger n this constraint becomes more and
more lose. It is important to note here that the above bound seems ill-defined for n = 0,
simply because for n = 0 there is no bound from ∆Neff at all due to the absence of the extra
degrees of freedom ϕ around BBN, hence this bound ceases to exist for n = 0.

Finally, we would like to briefly touch upon some of the physical realizations of faster
than usual expansion history of the Universe. So far in the analysis we have assumed TR , n
to be free parameters without going into the details of the properties of the new species ϕ.
Assuming ϕ to be a real scalar field minimally coupled to gravity [126, 127], we find that the
energy density of such a species redshifts as

ρϕ ∝ a−3(1+ω) , (3.6)

where we get

ω =
1

3
(n+ 1) , (3.7)

on comparing with ρϕ ∝ a−(4+n). For a positive scalar potential, ω ∈ [−1,+1] that leads
to n ∈ [−4, 2]. Theories with n = 2 are quintessence fluids motivated by the accelerated
expansion of the Universe [132, 133]. One possible realization of scalar potential giving
rise to this behaviour is V (ϕ) ∼ exp (−λϕ) [134–136]. For theories with n > 2 one has
to consider scenarios faster than quintessence. Example of such theories can be found, for
example, in [137], where one assumes the presence of a pre big bang “ekpyrotic” phase. The
key ingredient of ekpyrosis is same as that of inflation, namely a scalar field rolling down
some self-interaction potential. However, the crucial difference being, while inflation requires
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a flat and positive potential, its ekpyrotic counterpart is steep and negative. Other than this
version of the non-standard cosmology, there is also the scope for modification of Hubble
rate at sub-horizon scales, due to modified gravity theories particularly considering Modified
gravity dominated eras during the pre-BBN epoch [138–145]. Formation of cosmological
relics in modified gravities with modified Hubble expansion rate were considered in [141–
146]. Particularly, motivated from Randall-Sundrum type II brane cosmology [147], kination
models [148–150], from dark sector additional degrees of freedom in the thermal plasma
leading to boost factor [143], and from cosmology with f(x) = x+ αxn, where x = R, T ; R
and T being the scalar curvature and the scalar torsion, respectively [151–154] all of which
explicitly include non-standard cosmological era prior to BBN. In our analysis although we
do not consider the questions related to primordial cosmology like inflation or bounce or any
spectator however in principle the origin of the scalar field is associated to such primordial
era as well, either in the form of a modification of the geometry or as a modification to the
matter sector. Our analysis and results are presented in terms of the general parametrization
we mentioned and the results we get will be applicable to all such scenarios in general.

3.2 Modified freeze-in yield

The key for freeze-in is to assume the DM was absent in the early Universe and then the DM
abundance gradually builds up from the thermal bath with time. Since the scale invariance
of the model necessarily fixes the DM mass mX & 240 GeV, hence the only possible way
to produce DM in the eraly Universe via freeze-in is through 2-to-2 scattering of the bath
particles, mediated via (non-) standard Higgs. All the relevant Feynman graphs for DM
production are shown in Fig. 17. The evolution of the DM number density with time can be
tracked by solving the Boltzmann equation (BEQ), which in the present scenario reads

xH s dYX
dx

= γann , (3.8)

where

γ (a, b→ 1, 2) =

∫ 4∏
i=1

dΠi (2π)4 δ(4)

(
pa + pb − p1 − p2

)
fa

eqfb
eq |Ma,b→1,2|2

=
T

32π4
gagb

∫ ∞
smin

ds

[(
s−m2

a −m2
b

)2 − 4m2
am

2
b

]
√
s

σ (s)a,b→1,2K1

(√
s

T

)
,

(3.9)
with a, b(1, 2) as the incoming (outgoing) states and ga,b are corresponding degrees of freedom.
Here fi

eq ≈ exp−Ei/T is the Maxwell-Boltzmann distribution. The Lorentz invariant 2-body

phase space is denoted by: dΠi = d3pi
(2π)32Ei

. The amplitude squared (summed over final

and averaged over initial states) is denoted by |Ma,b→1,2|2 for a particular 2-to-2 scattering

process. The lower limit of the integration over s is smin = max

[
(ma +mb)

2 , (m1 +m2)2

]
.

Here we define the DM yield YX = nX/s as the ratio of DM number density to the comoving
entropy density in the visible sector since the DM is only produced from the SM bath. The
parameter x = mX/T describes the SM sector temperature T , the modified Hubble parameter
is defined as in Eq. 3.4, and γ = 〈σv〉n2

eq is the reaction density [98] for the SM particles

7Since mh2 � mX , hence h2 influences the resulting DM abundance very weakly [99].
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annihilating into the DM. We have collected all the 2-to-2 cross-sections as a function of the
center of mass energy

√
s in Appendix A8. The relic abundance of the DM at the present

epoch is computed using

ΩXh
2 =

(
2.75× 108

) ( mX

GeV

)
YX(T0) , (3.10)

where T0 is the present temperature of the Universe.

Figure 1. Relevant Feynman diagrams for DM production via freeze-in.

The evolution of DM yield with temperature are shown in Fig. 2 for a fixed DM of
mass 250 GeV. In the left panel we show the behaviour of the yield for different choices of
n, where n = 0 indicates simple radiation dominated background (red curve). We have also
fixed TR = 10 MeV, which is above the BBN temperature (∼ 1 MeV). Here all the curves
satisfy the central value of the PLANCK observed relic density. We see, with a larger n, in
order to satisfy the relic abundance, a larger coupling is needed. This is a general trend, i.e.,
in a faster than usual expanding Universe the DM is always under produced compared to
the case of a standard history. This pattern can be explained by considering an approximate
analytical solution for the asymptotic DM yield

YX(∞) ≈ 135
√

10

g?s
√
g?ρ π7

g4
XMP

mX

(
2

xR

)n
2

Γ

[
n+ 2

4

]
Γ

[
n+ 10

4

]
, (3.11)

where we have introduced xR = mX/TR and Γ(x) is the usual gamma function. We have
also assumed the 2-to-2 cross-section goes as σ(s) ∼ g4

X/s (dimensionally), which leads to

the reaction density γann '
g4X
4π4 m

2
X T

2K2 (2x), with x = mX/T . Note that, the DM yield
is modified by a suppression factor

YX(∞) ' Y rad
X (∞)×

(
4

3π

(
2

xR

)n
2

Γ

[
n+ 2

4

]
Γ

[
n+ 10

4

])
, (3.12)

which implies, for any n > 0, in order to produce the observed relic abundance, one has to
choose a larger gX compared to the standard radiation dominated Universe, for a given DM

8In general, any particle that couples in the thermal bath with the primordial plasma is expected to obtain
a mass proportional to the temperature of the Universe provided the condition T > m is satisfied [155–157].
However, here we are interested in IR freeze-in, where the DM yield becomes important at lower temperature
(cf. Fig. 2), thus the effect of such corrections are rather small, and hence the rates given in Appendix A are
still valid.
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Figure 2. Evolution of DM yield with x = mX/T , where all curves satisfy relic abundance for
different choices of the gauge coupling gX , for different expansion parameter n with fixed DM mass
mX = 250 GeV and a fixed TR = 10 MeV(left) and TR = 5 GeV (right). Here xF denotes the
temperature at which DM yield saturates.

mass. This is exactly what is reflected in the left panel of Fig. 2, where we see approximately
∼ O(100) improvement in the new gauge coupling compared to the standard cosmological
history (in red) when we choose a faster expansion with n = 5 (in orange). In the right
panel we show the same, but for a larger TR = 5 GeV. Here we see the improvement in
gX compared to the radiation domination is ∼ O(10), as larger TR tends towards standard
radiation domination. Thus, a larger n and smaller TR is preferred to see the effect of modified
cosmological history in the present set-up. However, one has to keep in mind that it is not
possible to increase gX incessantly since larger gX shall end up thermalizing the DM, which
is not desirable in the freeze-in paradigm. Since in the present case the DM interaction rate
scales as g4

X , hence it is rather easier for the DM to remain out of equilibrium for the size of
gX required to produce right abundance via freeze-in. To ensure the DM production is non-
thermal in the early Universe, we compare the DM-SM interaction rate Γint = (neq)j 〈σv〉

j

(j ∈ SM) with the modified Hubble parameter (cf.Eq. (3.4)). For a DM of mass 1 TeV (in
the left panel of Fig. 3), in the standard cosmological background, to ensure non-thermal
DM production, one has to choose gX . 10−2 such that the DM remains out of equilibrium
till T ∼ 1 TeV. In a modified cosmological scenario, with n . 3, the bound on gX can be
relaxed and gX . 10−1 can still ensure the interaction rate to remain below the Hubble rate
till T ∼ 1 TeV. For n > 3, the bound on gX can be further relaxed as shown by the black
tilted lines in Fig. 3. This is expected, since a larger n essentially leads to a faster Hubble
rate making it easier for the DM to stay out of equilibrium as the temperature drops. Note
that, for heavier DM it is easier to satisfy the out of equilibrium condition as the interaction
cross-section becomes smaller due to phase space suppression. On the other hand, for the
minimum allowed DM mass (due to scale invariance) mX ' 250 GeV, as one can see from
the right panel of Fig. 3, gX = 10−2 makes the DM thermal at T ∼ 106 GeV for standard
radiation domination, which drastically improves with n = 1. Thus, irrespective of the DM
mass, we put a conservative bound on the gauge coupling gX < 10−2, since we confine
ourselves within n ≤ 4 for the phenomenological study. The relic density allowed parameter
space can be portrayed in the gX −mX plane, as shown in Fig. 4. Here we see the typical
feature of scale invariance, i.e., with increase in DM mass one needs a larger gX to satisfy
the relic constraint ΩXh

2 ' 0.12. This typical nature is attributed to the fact that the relic
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Figure 3. Rate of DM interaction as a function of bath temperature T for DM of mass 1 TeV (left
panel) and 250 GeV (right panel) with a fixed TR = 5 GeV. Different coloured curves correspond to
gX = {10−4, 10−3, 10−2, 10−1} from bottom to top.

abundance goes as ΩXh
2 ∝ mX×YX ∝ (gX/mX)4, where YX ∼ σ (TFI) MP TFI ∼

g4XMP

m5
X

m4
h1

is the approximate IR yield of the DM [99, 116], with TFI ∼ mX being the temperature at
which the DM abundance saturates. Again, a larger n requires a larger gX to obtain the
right abundance as we have already seen. The presence of the decaying light scalar h2 poses
a very important bound on the DM parameter space. Since h2 decay to SM particles (see
Appendix. B) is suppressed by the small mixing angle, its lifetime tends to be very long.
Particularly, there will be an upper bound on the h2-lifetime from nucleosynthesis. A fully
quantitative analysis of these effects is beyond the scope of this paper. Instead we follow [124]
and, to remain within the 2σ limit of the observed 4He abundance, require Γ−1

h2
≡ τh2 < 1

sec. This is rather a conservative bound given the fact that the light scalar never comes in
equilibrium with the SM due to the feeble portal coupling λHS . Note that, a larger n can
save the parameter space from the BBN bound, but can lead to thermalization of the DM in
the early Universe, depending on the choice of TR.

We finally show the relic density allowed parameter space in n − TR plane for a fixed
DM mass of 300 GeV. A larger TR results in a reduced Hubble rate (cf.Eq. (3.4)), that has
to be compensated with a larger n to produce the observed relic abundance. However, The
constraint arising from the BBN bound due to Eq. (3.5) becomes severe at comparatively
low TR (i.e., as it starts tending closer to TBBN), as shown by the gray shaded region. Also,
a larger n requires a larger gX to produce the right relic for a fixed DM mass, as we already
realized in Fig. 2.

Dark matter direct detection

In the present set-up the DM-nucleon scattering cross-section can be hugely amplified because
it takes place via t-channel mediation of the light scalar h2 (along with the SM-like Higgs
h1). The DM-nucleus scattering cross-section in this case has the form [99]

dσXN
dq2

(
q2
)

=
σXN

4µ2
XNv

2
F
(
q2
)
, (3.13)
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Figure 4. PLANCK observed relic density allowed parameter space in the bi-dimensional plane
of gX − mX , where in the left panel we have TR = 20 MeV and in the right panel TR = 5 GeV.
Different coloured lines correspond to different choices of n = {0, 1, 2, 3} in red, green, blue and
orange respectively. The gray shaded regions are excluded from BBN bound on the light scalar lifetime
(bottom) and from the requirement of non-thermal DM production (top).

Figure 5. Contours with different colours satisfy the PLANCK observed relic abundance for different
choices of gX (as mentioned in the plot label), for a DM of mass 300 GeV. The shaded region is
disallowed from the BBN constraint on TR (cf. Eq. (3.5)).

where vDM is the DM velocity in the lab frame and the DM-nucleus reduced mass is given
by µXN = mX mN/ (mX +mN ), and

σXN =
λ2
HS f

2
N m

2
X m

2
N µ

2
XN

πm4
h1
m2
h2

(
m2
h2

+ 4µ2
XN v

2
DM

) , (3.14)

is the total cross-section with the effective DM-nucleon coupling is fN ≈ 0.3 [158]. Here the
factor m2

h2
+ 4µ2

XNv
2
DM in the denominator represents the light mediator effects [99, 159].

Note that, the portal coupling λHS is not an independent parameter, but can be expressed
in terms of gX , mX [116]. The function F (q2) is defined as [160]
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Figure 6. Top: Spin-independent direct detection constraint on the relic density allowed DM param-
eter space for n = {1, 2}. Exclusion limits from XENON1T, XENONnT, PandaX-4T and the ν-floor
are shown, along with relic density allowed contours for different choices of n by fixing TR = 5 GeV.
In each case corresponding h2 mass is also depicted along the top horizontal axis. The vertical gray
shaded region in the left forbids mX < 240 GeV following Eq. (2.15). Bottom: Same as top, but for
n = 3 (left) and a comparison with standard cosmology (n = 0) (right).

F (q2) =

(
1 + q2

min/m
2
h2

)(
1 + q2

ref/m
2
h2

)
(

1 + q2/m2
h2

)2 , (3.15)

which encodes the effects of the light mediator. Usually, q2
min is very small compared to the

other scales appearing in the process, and thus can be taken to be zero, while q2
ref = 4µ2

XNv
2
DM

is related to the energy thresholds of DM direct detection experiments. In the limit m2
h2
�

q2 ∼ 4µ2
XNv

2
DM, the form factor F (q2) ≈ 1 and we recover the conventional DM-nucleon

scattering cross-section for contact interactions. But for m2
h2
� q2, Eq. (3.13) will have extra

q2 dependence characterized by F (q2). Because of the scale invariance of the theory, the
DM-nucleus scattering cross-section turns out to be σXN ∝ g4

X , which implies large gX will
result in large σXN , making the parameter space vulnerable to direct detection bounds9. We
consider exclusion limits from XENON1T [87] (black solid curve), and projected bounds from
PandaX-4T [85] (black dotdashed) and XENONnT [86] (black dashed) experiments which
provide upper limit on the DM-nucleon scattering cross-section at 90% C.L. For DM mass

9In deriving the direct search bounds we do not consider RGE flow of gX from UV scale down to nuclear
physics energy scale since it remains almost fixed to a very small value (set by freeze-in).
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mX . 390 GeV, the BBN bound due to the non-standard Higgs decay becomes important
for standard radiation domination (n = 0), while for larger n this bound becomes irrelevant
as we can understand from the right panel of Fig. 4. Since a faster than usual expansion
requires a larger gX for obtaining the right abundance, therefore it also gives rise to a larger
DM-nucleus scattering cross-section. We thus find that for n = 3, DM mass up to ∼ 940
GeV becomes excluded from current XENON1T limit. For the same reason, we see, larger n
results in heavier h2 for a fixed DM mass (top horizontal axis in Fig. 6), following Eq. (2.15).
A heavier mediator is thus more constrained from direct search experiments, typically for
DM mass mX . 2 TeV, above which the DM-nucleon scattering loses its sensitivity. For
mh2 & O(100 MeV) (equivalently, mX & O(50 TeV)), limits from other experiments, like,
beam dump or collider becomes more relevant. For a lower TR the direct search constraints
become more stringent since in that case even larger coupling is needed to satisfy the relic
density bound. In passing we would like to mention that since scale invariance forbids us
to go to MeV-scale DM in the present model, hence direct detection bound from electron
scattering experiments become irrelevant here.

4 Laboratory probe for Non-Standard Cosmology

We now investigate the prospects of searching the light scalar present in this theory in different
intensity and lifetime frontier experiments and therefore probing the DM parameter space in
turn, thanks to the underlying scale invarinace. Dark sectors with light degrees of freedom
can be probed with a variety of experiments at the luminosity frontier, including proton [161–
173], electron [174–181] and positron fixed target facilities [182, 183]10. These experiments
are capable of probing extremely small mixing angles at great accuracy. In context with the
present scenario, this will not only be a probe for DM, but also that of the cosmological history
of the pre-BBN era of the Universe since the DM yield hugely depends on the fast expansion
parameters {n, TR}. Although light dark sector scenarios have been explored in great detail
over the past decade [70, 183, 185–192], but as we already have established in [116], because
of scale invariance, the resulting parameter space is extremely constrained and predictive for
the present set-up. Together, here we establish how an alternative early Universe cosmology
is capable of enhancing the detectability of freeze-in DM in potential forward search facilities.
The scale-invariance of the theory, along with the requirement of satisfying the right relic
abundance, fixes sin θ to a constant value, which we have dubbed as the Scale Invariant
FIMP Miracle in [116]. For a standard radiation dominated Universe, we found this value
to be ∼ 10−5 [116]. In a non-standard scenario, with the increase in n, for a fixed TR, one
can make this mixing angle larger, still satisfying constraints from relic abundance and direct
search. This is what we have shown in Fig. 7, where different coloured straight dashed lines,
parallel to the horizontal axis, denote different choices of n including the standard scenario
shown in red. The improvement in the scalar mixing is easy to understand. On one hand, the
underlying scale-invarinace determines the mixing through sin θ ≈ vh gX/mX , while on the
other hand, a larger n calls for a larger gX compared to the standard radiation domination,
to satisfy the observed relic for a given mX (cf. Fig. 4). Here we see, with TR = 20 MeV
(right panel), n & 2 is already in tension from collider bounds due to ATLAS and LHCb.
This implies, non-standard cosmological scenarios mimicking kination phase are in tension
for the present framework for comparatively lower TR. On the other hand, for TR = 5
GeV (left panel), this bound is much relaxed and n . 4 is allowed (although falls within

10For a very recent review on BSM searches in forward physics facilities see Ref. [184].
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Figure 7. The thick straight dashed lines (parallel to the horizontal axis) with different colours show
the DM parameter space complying with the PLANCK observed relic abundance and satisfying spin-
independent direct search exclusion limit in sin θ −mh2 plane for n = {0, 1, 2, 3} from bottom to top
with TR = 5 GeV (left) and TR = 20 MeV (right). Experimental limits are shown from E949 [193],
CHARM [194], NA62 [195], FASER-I&II [173, 196–198], FCC-hh [199, 200], ATLAS [201–204],
SeaQuest [205], LHCb [206], KLEVER [207], DUNE [208, 209], DarkQuest-Phase2 [210], MATH-
USLA [112], SHiP [211] and PS191 [212, 213]. All existing limits are solid lines, while future bounds
are shown in broken lines.

the projected limts from ATLAS & LHCb), implying there is still room for cosmological
scenarios faster than quintessence for comparatively larger TR. Note that, direct detection
bound from XENON1T also allows n = 3 for DM mass mX & 1 TeV for TR = 5 GeV (cf.
Fig. 6), that as well falls within PandaX-4T and XENONnT future projections. Thus, we
can constrain the fast expansion parameter n from two orthogonal searches, namely, direct
detection and intensity or energy frontiers, narrowing down the viable cosmological scenarios
for freeze-in production of DM in this model. We see, different choices of n lie well within the
reach of projected sensitivities from experiments like MATHUSLA, SHiP, DUNE, FASER-
II, DarkQuest etc that cover different ranges of mh2 depending on their respective reaches.
This in turn also probes different ranges of gX and mX that provides correct DM relic. We
therefore conclude that a faster expansion results in a larger mixing, making the present
model easily falsifiable with already existing or improved bounds at several forward search
and collider facilities.

5 Conclusions

In summary, we investigated in a minimal scale-invariant framework, associated to radiative
pathway of electroweak symmetry breaking, dark higgs-portal freeze-in vector dark matter
(DM) in an early Universe suffering a non-standard cosmological expansion history due to
ϕ-driven energy density. Parameterizing such a cosmological expansion history with modified
Hubble background, we studied the consequences of DM freeze-in during the non-standard
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cosmological era, particularly in determining the coupling required to satisfy the observed
relic density along with concrete predictions and constraints from direct detection and for-
ward search facilities. Here we would like to emphasize that even though our conclusions are
based on a scenario where the Universe expands faster than the standard radiation domi-
nated background during ϕ-domination, but the same conclusion also holds for another well
motivated alternative cosmological scenario, namely early matter domination (EMD) (for
a review, see, for example [214]). In this case as well one needs to have a larger coupling
(compared to standard radiation domination) with the visible sector to produce observed
freeze-in DM abundance. There may be drastic modifications in the cosmic history due to
several effects arising from the presence of this new species, however addressing such intricate
details is beyond the scope of this paper and we concentrate only on the impact of this mod-
ified cosmological history on DM production. Considering our scenario, we find the following
salient features that manifest

• We showed non-standard cosmological era can be probed at experiments like FASER,
DUNE, MATHUSLA, SHiP etc, typically for n . 4 with TR = 5 GeV to ensure
non-thermal production of the DM (Fig. 7). The present model given is just for an
example, but the prescription is applicable for any DM model with similar attributes
and for portals other than the Higgs-portal.

• As we previously showed in Ref. [116], scale-invariant FIMP Miracle dictated a single
coupling (sin θ ' 10−5) value for which one can satisfy the relic density (and also
direct detection limits from XENON1T) fell within the reach of only a few of the low
energy detectors. Here, in a non-standard cosmological set-up, with faster expansion
history of the Universe, we found even with larger coupling the DM can remain out-
of-equilibrium in early Universe (Fig. 4). We thus showed, non-thermal relic may get
accumulated slowly from the SM bath (typical feature of IR freeze-in) with larger
mixing sin θ ∼ 10−3 that can may lie within the reach of experiments like ATLAS
and LHCb, depending on the non-standard parameters {n, TR}. Various n . 4 (which
corresponds to different non-standard cosmologies) all satisfying the PLANCK observed
relic density, can therefore be searched in ongoing/proposed experiments. We again
remind the readers that this is a direct probe of the freeze-in coupling responsible for
the right relic, courtesy to the scale-invariant nature of the model.

• We note that the model is extremely economical, given the fact that the only indepen-
dent parameters are the new gauge coupling gX(≡ sin θ), transition temperature TR
and DM mass mX , once a particular cosmology is fixed. But due to scale-invariance,
one of them again gets fixed to satisfy the correct DM abundance, essentially leaving
two free parameters which give us testable pre-BBN cosmology. However, for various
n, BBN prevents us from going to very low TR, following Eq. (3.5) (Fig. 5).

• Finally, we showed such a probe of non-standard cosmological era in a scale-invariant
set-up not only can be tested at the intensity frontiers, but due to the underlying
symmetry there is a complementarity between direct detection (Fig. 6) versus lifetime
frontier (Fig. 7). So, we will be able to observe signals at both the sets of otherwise
unrelated experimental facilities, which should attract attention for more efforts in such
directions of investigation in future.
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Given such a spectacular relevance of scale invariance with respect to UV-completion
of BSM theories, in context to the hierarchy problem, on one hand, while on the other hand,
of the freeze-in mechanism of DM production in early Universe along with the availability
of currently running and upcoming several light dark sector (intensity frontier and lifetime
frontier) experiments, we showed that pre-BBN non-standard cosmology with FIMP DM can-
didate can be searched for in the laboratory including DM direct detection experiments with
no other concrete probes of non-standard cosmological history except probably Primordial
Gravitational Waves (GW) (ΩGWh

2) at various GW detectors [127, 215] or dark radiation
degrees of freedom (Neff) [216]. This leads to predictive FIMP candidates with larger cou-
plings together with non-standard pre-BBN history which we look to test in very near future.
A combined analysis of low energy frontier, collider and direct detection laboratories along
with GW and dark radiation observables in a freeze-in DM model with non-standard cosmol-
ogy, along with complementary predictions: cosmology versus laboratory observables will be
hugely interesting prospects, but is beyond the scope of the present manuscript and shall be
discussed in a future work.
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A Annihilation cross-sections for freeze-in

Here we gather the analytical expressions for all the relevant 2-to-2 annihilation cross-section
of the SM particles to DM final states. All SM leptons are denoted by `, quarks by q and
gauge bosons by V ∈W ,Z. The total decay width of the SM-like Higgs is given by Γh1 ' 4
MeV [217].
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(A.1)
The last expression is derived by keeping only the leading order in the double expansion of
gX and m2

h2
/m2

X .

B Decays of h2

The partial decay widths to the SM final states are given by [218, 219]

Γff =
GF sin2 θ Nc

4
√

2
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(
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4m2
f

m2
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)3/2
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(B.1)

and

A1/2 (x) = 2
[
x+ (x− 1) f(x)

]
x−2

A1(x) = −
[
2x2 + 3x+ 3 (2x− 1) f(x)

]
x−2

(B.2)

with

f(x) ≡


Arc sin2√x x ≤ 1,

−1
4

[
log 1+

√
1−x−1

1−
√

1−x−1
− iπ

]2
x > 1 .

(B.3)

where xi = m2
h2
/4m2

i , Nc is the number of colors for a given fermion species and Qf is its
electromagnetic charge.
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C BBN constraint

The effect of the new species ϕ can be parametrized by an effective number of relativistic
degrees of freedom (DOF)

ρ (T ) =
π2

30
g?effT

4 (C.1)

with

g?eff = gSM
? + ∆gϕ? =

(
2 +

7

8
× 4
)

+
(

2 +
7

8
×Nν

)
(C.2)

where the effect of ϕ is parametrized by taking into acount total number of effective neutrinos
Nν = NSM

ν +∆Nν with Nν = 3.044 [220–222] for the SM. Thus, the temperature dependence
of the number of additional neutrino species can be expressed as

∆Nν =
4

7
g? (TR)

(
g?s(T )

g?s (TR)

)(4+n)/3(
T

TR

)n
. (C.3)

For TR ∼ TBBN we have g? (TR) = 43
4 , which results

∆Nν ' 6.14

(
T

TR

)n
. (C.4)

Following [223] we find 2.3 ≤ ∆Nν ≤ 3.4 at 95% CL, and considering T ' 1 MeV we

obtain, in order to satisfy the BBN bounds we should have TR & (15.4)1/n MeV.
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[101] S. Heeba, F. Kahlhoefer and P. Stöcker, Freeze-in production of decaying dark matter in five
steps, JCAP 11 (2018) 048 [1809.04849].

[102] B. Barman, S. Bhattacharya and M. Zakeri, Non-Abelian Vector Boson as FIMP Dark
Matter, JCAP 02 (2020) 029 [1905.07236].

[103] F. Elahi, C. Kolda and J. Unwin, UltraViolet Freeze-in, JHEP 03 (2015) 048 [1410.6157].

[104] S.-L. Chen and Z. Kang, On UltraViolet Freeze-in Dark Matter during Reheating, JCAP 05
(2018) 036 [1711.02556].

[105] N. Bernal, F. Elahi, C. Maldonado and J. Unwin, Ultraviolet Freeze-in and Non-Standard
Cosmologies, JCAP 11 (2019) 026 [1909.07992].

[106] A. Biswas, S. Ganguly and S. Roy, Fermionic dark matter via UV and IR freeze-in and its
possible X-ray signature, JCAP 03 (2020) 043 [1907.07973].

[107] B. Barman, D. Borah and R. Roshan, Effective Theory of Freeze-in Dark Matter, JCAP 11
(2020) 021 [2007.08768].

[108] B. Barman, S. Bhattacharya and B. Grzadkowski, Feebly coupled vector boson dark matter in
effective theory, JHEP 12 (2020) 162 [2009.07438].
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