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Abstract

We study the freeze-in production of vector dark matter (DM) in a classically scale invariant

theory, where the Standard Model (SM) is augmented with an abelian U(1)X gauge symmetry that

is spontaneously broken due to the non-zero vacuum expectation value (VEV) of a scalar charged

under the U(1)X . Generating the SM Higgs mass at 1-loop level, it leaves only two parameters in the

dark sector, namely, the DM mass mX and the gauge coupling gX as independent, and supplement

with a naturally light dark scalar particle. We show, for gX ∼ O
(
10−5

)
, it is possible to produce

the DM X out-of-equilibrium in the early Universe, satisfying the observed relic abundance for

mX ∼ O (TeV), which in turn also determines the scalar mixing angle sin θ ∼ O
(
10−5

)
. The

presence of such naturally light scalar mediator with tiny mixing with the SM, opens up the

possibility for the model to be explored in direct search experiment, which otherwise is insensitive

to standard freeze-in scenarios. Moreover we show that even with such feeble couplings, necessary

for the DM freeze-in, the scenario is testable in several light dark sector searches (e.g., in DUNE

and in FASER-II), satisfying constraints from the observed relic abundance as well as big bang

nucleosynthesis (BBN). Particularly, we find, regions of the parameter space with mX & 1.8 TeV

are insensitive to direct detection probes but still can become accessible in lifetime frontier searches,

courtesy to the underlying scale invariance of the theory.
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I. INTRODUCTION

The discovery of a Higgs-like boson of mass ∼ 125 GeV at the Large Hadron Collider [1, 2]

has provided the last missing piece of the Standard Model (SM) particle physics. Although

the Higgs mechanism [3–5] satisfactorily provides masses to all the candidates within the

SM in a gauge invariant manner, the Higgs itself carries an ad-hoc negative mass term which

is provided by hand at the weak scale. As such, it is natural to assume that the SM Higgs

mass will be unstabilized against the Planck scale (or any cut-off scale present in the UV)
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by quadratically diverging quantum corrections unless large fine-tuned cancellation of the

associated quadratic divergences is imposed [6]. In fact, seeking resolutions to this so called

“naturalness problem” has been the major driving force behind numerous beyond the SM

(BSM) extensions, starting from the good old supersymmetry (SUSY), compositeness, extra

dimensions (for a review, see Ref. [7]) 1. In order to stabilize the electroweak scale against the

radiative corrections we can promote scale invariance to be a symmetry of the action at the

classical level which eliminates the µ2 mass term or any other dimensionful parameters from

the theory2. In the SM one can radiatively generate nonzero Higgs mass and spontaneous

electroweak symmetry breaking (EWSB) as pointed out by Coleman and Weinberg (CW)

in their seminal work in Ref. [42] but it making the Higgs potential unbounded from below

at one-loop given the experimentally observed masses of top quark and electroweak gauge

bosons. To resolve this problem we thus need to look beyond the minimal SM, where

additional bosonic contributions3. can lead to phenomenologically successful models. A

simple way to address this issue is to generate the mass scale in a “hidden sector” and then

transmit it to the SM thus avoiding the direct CW relation between the SM gauge boson

masses and the mass of the SM Higgs. Such attempts have already been made with or

without introducing a suitable dark matter (DM) candidate in Refs. [20–22, 44–68].

The SM also fails to provide a viable DM candidate, whose existence is already been

proven beyond any doubt from several astrophysical [69–72] and cosmological [73, 74] evi-

dences (for a review, see, e.g. Refs. [75–77]). Therefore, one has to look beyond the realms

of the SM to explain the DM puzzle, if we assume it is of particle origin. There already

exists a very attractive scenario known as the weakly interacting massive particle (WIMP),

where the DM candidate remains in thermal equilibrium in the early Universe down to a

1 In context to non-local QFT with higher-derivatives, motivated from string field theories, it has been

found that the naturalness issue is somewhat reduced in these theories due to the presence of UV-fixed

point [8–11].
2 In a larger context, in BSM scenarios, assuming no scale is fundamental in nature and all mass scales

including the EW and Planck scales are generated dynamically can be seen as direction of model-building

for the hierarchy problem in the SM [12–14, 14, 15, 15–27]. In context to cosmology scale invariance

provides naturally flat inflationary potentials [14, 25, 28–33], and also leads to strong first-order phase

transitions in early universe and consequently high amplitude detectable gravitational wave (GW) signals

due to dominance of thermal corrections in absence of tree-level mass terms [34–41].
3 Recently the Neutrino Option idea considers threshold corrections (as an alternative to bosonic corrections)

to generate the Higgs mass via fermionic loop [43].
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temperature at which its number density becomes Boltzmann suppressed, and then the DM

chemically decouples from the thermal bath. This is the vanilla freeze-out mechanism [78],

where the observed DM abundance is set typically by the weak scale interaction strength

which popularly goes by the name “WIMP miracle.” Various experimental efforts like the

direct detection [79–81] experiments typically search for the recoil of nuclei from collisions

with WIMPs from the local halo of DM [82, 83], while attempts have also been made to

search for DM signal in collider (see, for example, Refs. [84, 85] and the references therein)

experiments. However, no significant excess have been found till date in either of these ex-

periments which can guarantee DM discovery. The observed DM abundance may have been

generated also out of equilibrium by the so-called freeze-in mechanism [86–88]. In this sce-

nario, the DM particle couples to the visible sector very feebly, so that chemical equilibrium

is never achieved. The DM particles are then produced by the decay or annihilation of the

bath particles, until the production ceased due to cooling of the bath temperature below the

relevant mass scale connecting the DM to the visible sector. Typically, freeze-in can further

be subdivided into (i) Infra-red (IR), where the DM yield gradually builds up with time and

becomes important at lower temperature [86–93], and (ii) Ultra-violate (UV) [87, 94–102]

where the DM is dominantly produced at very high temperature (as large as the reheating

temperature of the Universe) and the yield immediately saturates to a constant value. Be-

cause of the tiny coupling strength, the DM particle produced via the freeze-in mechanism

are dubbed as the feebly interacting massive particle (FIMP), as opposed to the WIMP.

Even with such tiny portal couplings, in the presence of mediators which connect the visible

and the dark sectors, FIMPs may give rise to signatures both in direct search [103, 104]

and in collider [105–110] experiments. However, it is important to note here, none of these

signatures directly involve the coupling of the DM with the visible sector, that sets the DM

relic abundance, but too small to be probed at experiments.

In this work we show that a desirable UV-completion principle in particle theory, like

the scale invariance, can on one hand dynamically generate the scales of electroweak and

dark matter physics, thereby reducing the naturalness problem of the SM Higgs mass, on

the other hand, can also incorporate a testable freeze-in DM scenario. To establish this,

here we consider the SM being extended by a U(1)X gauge symmetry, under which the DM

(Xµ) transforms as an abelian gauge boson. The DM becomes massive once this gauge

symmetry is spontaneously broken by the vacuum expectation value (VEV) of a new scalar
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S that carries a non-zero U(1)X charge. This gives rise to the typical Higgs portal model,

where the DM communicates with the visible sector via the portal coupling, with a strength

proportional to the scalar mixing. The DM renders stability as it carries an odd Z2 charge,

while all the SM fields are even under the Z2. It is important to note that the conformal4

gauge extension to the SM leads to extremely economical model building as one is left

with only two independent parameters in the model, one of which gets fixed entirely via

relic density requirements, thereby leaving very predictive light scalar singlet hunt in several

planned and upcoming intensity and lifetime frontier experiments as a novel and direct probe

of freeze-in scenarios. We find, in the present scenario, correct DM abundance is achieved

via freeze-in for dark gauge coupling gX ∼ 10−5 for dark matter mass mX . TeV, ensuring

the DM interaction rate always falls below the Hubble expansion rate. The scale invariance

also gives rise to a naturally light scalar with mass m2 ∼ O(MeV) � mX . This results

in an enhanced recoil rate in DM scattering experiments leading to a detectable DM signal

which is in sharp contrast to the usual FIMP paradigm, where DM direct detection is simply

impossible due to extreme smallness of the coupling of the DM with the visible sector as

mentioned earlier 5.

The crucial outcome of our analysis is the experimental testability of the FIMP model

in low energy intensity frontier experiments, which typically search for light dark sector

particles, and are capable of probing extremely small mixing angle. This is facilitated

by the presence of the light scalar in this model. We find, in order to satisfy bounds

from relic density, spin-independent direct detection and big bang nucleosynthesis (BBN),

the mixing within the scalar sector has to be sin θ ∼ gX ∼ O(10−5). Such a mixing

angle is indeed within the reach of experiments like DUNE [117, 118], FASER-II [119–

122], PS191 [123, 124], DarkQuest-Phase2 [125], MATHUSLA [126] and SHiP [127]. Most

importantly, since the mixing θ is no more a free parameter (due to the scale invariance of

the theory), it rather can be parametrized in terms of mX and gX , hence, the new gauge

coupling that determines the freeze-in abundance, is directly being probed at plethora of

4 We have used the two terms “scale” invariance and “conformal” invariance interchangeably in this paper

since they are known to be classically equivalent in any four-dimensional unitary and renormalizable field

theory [111–113].
5 The exchange of such a light mediator can also induce large self-interaction, a possibility that is of much

interest because it may alleviate the possible shortcomings of collisionless dark matter on small scales

(core/cusp [114] and too-big-to-fail [115] problems, see [116] for a review).
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current and upcoming experimental facilities. To the best of our knowledge, this has not

been realized before in the context of freeze-in DM. Particularly, we find out that scale

invariance uniquely dictates the mixing sin θ ∼ O (10−5) that predicts potential discovery at

the laboratory experiments. This leads us to dub the scenario as the “Scale Invariant FIMP

Miracle.”

The paper is organized as follows. In Sec. II we have explained the underlying model,

elaborating its scale invariant features. The Renormalization Group Equation (RGE) run-

ning of various couplings appearing in the theory are discussed under subsection II A. We

then move on to the detailed discussion of the DM parameter space in Sec. III, where the

details of freeze-in yield are mentioned in subsection III A, together with the illustration

of available parameter space in subsection III B. In Sec. IV we show the reach of several

experiments in probing the DM parameter space. Finally, in Sec. V we conclude with an

engaging discussion on our analysis.

II. THE SCALE-INVARIANT MODEL

1. Symmetries and particle content

We consider a dark U (1)X gauge symmetry and a complex scalar S which is neutral

under the SM gauge group but has unit charge under U (1)X
6. Furthermore we impose a

discrete symmetry Z2, under which all the SM fields transform as even while the new fields

transform as odd, such that

Xµ → −Xµ; S → S?. (1)

. This forbids the gauge kinetic mixing with the SM U(1)Y gauge boson Bµ ensuring the

stability of Xµ vector which is our dark matter (DM) candidate7. The relevant part of the

total Lagrangian is given by

6 The phenomenology of abelian vector boson DM has been widely studied in the literature both in the

context of freeze-out and freeze-in production without considering scale invariance (see, for example,

Refs. [90, 99, 128–145]). In presence of scale invariance the phenomenology of WIMP-like vector DM has

also been studied [37, 48, 61, 105, 146–150], while FIMP case has been discussed in [65, 151].
7 In the absence of the Z2 symmetry, the dark gauge boson can still account for all of the DM relic abundance

if the kinetic mixing is of the order ε . O
(
10−8

)
for DM masses below twice the electron mass [152, 153],
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L ⊃ −1

4
XµνX

µν + |DµS|2 − V (H,S) (2)

where H is the SU(2)L scalar doublet and

Dµ = ∂µ + igXXµ (3)

is the covariant derivative of S with gX as the new gauge coupling. Since we assume classical

scale invariance and renormalizibility, the only terms allowed in the total effective scalar

potential

V (H,S)cl = λH
(
H†H

)2
+ λS |S|4 − λHS

(
H†H

)
|S|2 . (4)

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.

2. Minima of the scalar potential

The stability of the potential can be verified by completing the square

V (H,S) = λH

(
H†H − λHS

2λH
|S|2

)2

+ |S|4
(
λS −

λ2
HS

4λH

)
(5)

which shows the potential is stable as long as

4λHλS − λ2
HS > 0. (6)

.

Now, in the unitary gauge, the imaginary component of S can be absorbed as the longi-

tudinal component of Xµ. The tree level potential looks

Vtree =
λH
4
h4 − λHS

4
h2 s2 +

λS
4
s4 (7)

else the cosmological stability condition requires even smaller values (. 10−15) of the kinetic mixing

parameter [154, 155].
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where we write

S =
s√
2
, H =

{
0,

h√
2

}T
. (8)

We now construct the Hessian matrix as:

H ≡ ∂2Vcl

∂hi∂hj
. (9)

Then, the necessary and sufficient conditions for local minimum of Vcl, corresponding to the

vacuum: 〈S〉 = vs , 〈H〉 = vh are

∂Vcl

∂hi

∣∣∣
vs,vh

= 0

∂2Vcl

∂2hi

∣∣∣
vs,vh

> 0

det
(
H (vs, vh)

)
> 0,

(10)

where ‘det’ stands for the determinant of the Hessian matrix. These conditions give rise to,

for non-vanishing vacuum expectation values (VEVs)

λH λs =
1

4
λ2
HS

and we obtain a relation between the VEVs8:

v2
h

v2
s

=
λHS
2λH

(11)

which defines a “flat direction”, along which Vcl = 0 [18, 22, 44, 62, 156–158]. Further

including one-loop corrections will lift this flat direction and generate the true physical

vacuum (corresponding to the spontaneous breaking of classical scale invariance). Since the

classical potential is zero along that direction, the one-loop correction necessarily dominates

there. Now, the first two relations in Eq. (10) require

λH > 0 , λs > 0 , λHS > 0, (12)

which also satisfies Eq. (6). However, the determinant of the Hessian turns out to be zero,

making the second derivative test inconclusive, and the point {vs, vh} could be any of a

8 This relation establishes the phenomenon of dimensional transmutation [18].
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minimum, maximum or saddle point. We find, 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 (given by

Eq. (11)), where Vtree = 0, is a global minimum of the full potential [61, 62]. 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
. (13)

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 (14)

which implies, in order to have mX ∼ O (TeV) with gX ∼ O (10−5), which will be required

for freeze-in, one needs vs � vh ≡ vEW ' 246 GeV.

3. The scalar sector

To calculate the tree-level masses, we expand the potential in Eq. (7) around the vacuum

(Eq. (13)), and construct the mass matrix in the weak basis:

M2 =

 2v2
hλH −vhvsλHS

−vhvsλHS 2v2
sλs

 . (15)

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

h1

h2

 =

cos θ − sin θ

sin θ cos θ

 h
s

 (16)

where the mixing angle is given by

tan 2θ =
2vh vs
v2
h − v2

s

=⇒ sin θ =
vh√
v2
h + v2

s

≈ vh
vs

(17)

for vs � vh. In tree-level, the field h2 being along the flat direction, is massless9. This can

9 This field with vanishing zeroth-order mass, is dubbed as “scalon” [156].
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be readily seen by obtaining the mass eigenvalues of the diagonalized mass matrix along the

flat direction using the mixing angle Eq. (17):

m2
h1

= v2
h (2λH + λHS) ,m2

h2
= 0 (18)

where we note, in the limit λHS → 0 we recover the standard electroweak Higgs state. The

massless scalar, on the other hand, will acquire its radiative mass along the flat direction à

la Coleman-Weinberg [42], and thus 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 [62].

After spontaneous symmetry breaking, we can express the couplings of the scalar potential

in terms of physical masses and mixings as

λH =
m2
h1

2 v2
h

cos2 θ , λHS = −
m2
h1

2vh vs
sin 2θ , λs =

m2
h1

2v2
s

sin2 θ (19)

while the VEV vs can be expressed as vs = mX/gX following Eq. (14). Note that, the scale

invariance helps to choose minimum number of parameters, and we choose {mX , gX} as the

free parameters for further analysis. All other relevant parameters appearing in the theory

can be recasted in terms of mX and gX :

λH =
m2
h1

2v2
h

[
1 + (gX/mX)2 v2

h

] , λS =
(gX/mX)4 m2

h1
v2
h

2
[
1 + (gX/mX)2 v2

h

] , λHS =
g2
X (mh1/mX)2

1 + (gX/mX)2 v2
h

.

(20)

We again remind the reader about the fact that all the renormalizable couplings in the

scalar potential are expressed in terms of the two free parameters of the theory, thanks to

the underlying classical scale invariance.

4. 1-loop effective potential

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 the approach of Gildener and Weinberg [156], the 1-loop effetive potential can

be approximately written as [18, 22, 44, 61, 62, 159]
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V 1-loop
eff = αh4

2 + βh4
2 log

h2
2

µ2
(21)

with α, β as dimensionless constants

α =
1

64π2 v4

∑
j

gjm
4
j log

m2
j

v2
, β =

1

64π2 v4

∑
j

gjm
4
j , (22)

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. (21) we find that

the potential has a non-trivial stationary point at

µ = v exp

(
α

2β
+

1

4

)
. (23)

Note that, this shows, the scale of the symmetry breaking is set by the renormalization scale

µ. The stationary point is a minimum as long as β is positive definite. The 1-loop potential

can now be re-written utilizing Eq. (23) as

V 1-loop
eff = β h4

2

[
log

h2
2

v2
− 1

2

]
. (24)

With this we can now express the mass of h2 as [42, 156]

m2
h2

=
d2V 1-loop

eff

dh2
2

∣∣∣
v

= 8βv2 (25)

where again we see for β > 0 this is positive definite. Considering contributions from all

standard and non-standard particles, we can write

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

)
(26)

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 coupling10. Also note, the fermion contri-

bution appears with a relative sign. From Eq. (26) it is very important to note the role of

the U(1)X gauge boson, without which m2
h2
< 0 (or equivalently β < 0). Before concluding

this section, let us summarize the present model. Aside from the massive dark gauge boson,

10 Recent measurement [160] yields a best fit value of yt = 1.16+0.24
−0.35. Unless otherwise mentioned, we have

considered yt = 1.
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the scalar particle spectrum consists of the CP-even state h1, and an additional CP-even

scalar h2, which is a pNGB of scale symmetry breaking, with radiatively induced mass.

A. Perturbative constraints & RGE

There are three extra renormalizable couplings in this model on top of the SM Higgs

quartic coupling λH

{λS, λHS, gX}. (27)

The 1-loop β-functions extracted using PyR@TE [161], are given by

FIG. 1: RG evolution of different couplings appearing in the theory. The Higgs self-coupling turns

negative at µ & 109 GeV, signalling that the SM Higgs potential becomes unstable below the Planck

scale. We choose mt = 173.2 GeV.

(4π)2 β (λH) = 24λ2
H + λ2

HS − 3g2
1λH − 9g2

2λH +
3

8
g4

1 +
3

4
g2

1g
2
2 +

9

8
g4

2 + 12λHy
2
t − 6y4

t

(4π)2 β (λS) = 20λ2
S + 2λ2

HS − 12g2
XλS + 6g4

X

(4π)2 β (λHS) = 12λHλHS + 8λHSλS − 4λ2
HS −

3

2
g2

1λHS − 6g2
XλHS −

9

2
g2

2λHS + 6y2
t

(4π)2 β (gX) =
1

3
g3
X

(28)

where we define β (X) ≡ µ dX
dµ

. The renormalization group (RG) equation for the top Yukawa

coupling yt is

12



(4π)2 β (yt) = −8g2
3yt −

9

4
g2

2yt −
17

12
g2

1yt +
9

2
y3
t . (29)

To solve the RG equations and determine the RG evolution of the couplings of our models,

we specify the initial conditions for the SM coupling constants at mt (top Yukawa coupling

yt) and the SM gauge couplings initial values are taken from [162]. Having thus specified

the initial conditions for all couplings at the low scale µ = mt, we run them up to the high

scale µ = Mpl. As we see from Eq. (28), β (λS) ∼ +g4
X , β (λHS) ∼ −g2

X and β (gX) ∼ g3
X ,

hence for a very small gX , which is required for freeze-in production of the DM, the dark

gauge coupling almost remains fixed over the scale µ, which also influences the running of

the coupling λHS. Thus, although λHS contributes positively to the beta function of λH ,

but that does not help to improve the Higgs vacuum.

III. FREEZE-IN PRODUCTION OF THE DARK MATTER

The Z2-odd gauge boson of the dark U(1)X gauge group is the DM candidate for the

present model. In this section we aim to explore the viable parameter space where the

DM can be produced out of equilibrium from the SM bath via freeze-in mechanism. As we

have established in the model framework, the minimum mass of the U(1)X gauge boson, as

decided by the scale invariance of the theory, is no less than 240 GeV. This clearly prevents

the DM production from decay of the scalar states and only 2-to-2 annihilation of the bath

particles are feasible way to account for the DM production.

FIG. 2: Feynman graphs for DM yield from 2-to-2 annihilation of the SM particles. Here ‘SM’

stands for all the SM fermions, scalar and gauge bosons.

The Feynman diagrams that contribute to the freeze-in production of the DM from the

13



scattering of bath particles are shown in Fig. 2. We implemented this model in LanHEP [163]

and utilized the model files to calculate cross-sections via CalcHEP [164]. In the following

sections we will determine the DM yield and subsequently the present DM abundance by

numerically solving the Boltzmann equation, computing contributions due to these processes.

A. Freeze-in yield

As it is known, the key for freeze-in DM production is to assume that DM was not

present in the early universe or the DM abundance was negligibly small after reheating.

In case where the DM is produced via generic 2-to-2 annihilation, the Boltzmann equation

(BEQ) reads [90, 99]

xHs
dY ann

X

dx
= γann, (30)

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

)
,

(31)

with a, b(1, 2) as the incoming (outgoing) states and ga,b are corresponding degrees of free-

dom. 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→ 2 scattering

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

[
(ma +mb)

2 , (mh1 +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 Hubble parameter is

denoted by H and γ = 〈σv〉n2
eq is the so-called reaction density [89] for the SM particles

annihilating into the DM. All the relevant 2-to-2 annihilation cross-sections as a function

of s are collected in Appendix A, and as we see, all of them are proportional to g4
X in the
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lowest order of gX . As mentioned before, the dark and visible sector communicates only

via the portal coupling λHS, which in the scale invariant framework is not a free parame-

ter (Eq. (20)). Thus, the dependence of the annihilation cross-section on the dark gauge

coupling gX arises through the portal coupling.

FIG. 3: Top Left: Reaction densities as a function of the bath temperature, where different colours

indicate different SM initial states. The parameters are chosen such that DM relic density is

satisfied. Top Right: Evolution of DM yield with x = mX/T where the asymptotic yield produces

observed relic abundance. Bottom Left: Comparison of DM freeze-in production rate with Hubble

parameter for different choices of gX (chosen arbitrarily) with fixed mX = 1 TeV. Bottom Right:

Same as bottom left but for a fixed gX = 10−4 with different choices of DM mass.

In the left panel of Fig. 3 we have shown the variation of the reaction densities as a function

of the temperature T . The red and green curves correspond to SM leptons and quarks

pair annihilating into the DM respectively, while the blue and black curves correspond to

annihilation of SM gauge bosons and Higgs into a pair of DM. Note that, due to the presence

of SU(2)L gauge coupling the contribution from the SM gauge bosons is maximum. On the

other hand, the contact interaction (top right panel of Fig. 2) makes the scalar annihilation
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also important. Together, they imply, the contribution to DM relic abundance from gauge

boson and scalar annihilations are dominant. In the right panel of Fig. 3 we illustrate the

evolution of the DM yield as a function of the dimensionless quantity x = mX/T . We

choose two different benchmark points corresponding to two different DM masses such that

the yield at x→∞ gives rise to the Planck [165] observed relic density. Here we see typical

IR nature of the freeze-in, where the yield freezes in at x ∼ 1 and then becomes constant up

to the present temperature. Also note, for larger DM mass the yield is smaller which in turn

demands a larger gX to obtain the observed abundance. This can be realized by considering

an approximate analytical formulation of the IR yield for the DM [87, 90, 99]

YX ∼ σ (TFI) Mpl TFI ∼
g4
XMpl

m5
X

m4
h1

(32)

where the first relation comes out from simple dimensional arguments, and σ (TFI) is the

production cross-section for the DM at freeze-in temperature TFI which in the present sce-

nario can be approximated to be σ (TFI) ∼ λ2
HS/T

2
FI ∼

g4Xm
4
h1

m6
X

. We also consider TFI ∼ mX

since for the SM plasma temperature below the threshold mX , the yield ceases to grow.

From this approximate relation it is clear that in order to produce a fixed YX which can

provide the right abundance one has to choose a larger gX for a heavier DM. However, we

emphasize that this is just an approximate relation, and we perform full numerical solution

for solving the BEQ for yield. Before going into the details of the DM parameter space, few

comments in order

• By demanding m2
h2
> 0 we put a lower bound on the vector DM mass: mX & 250

GeV for gX . 10−5, which is required for freeze-in production of the DM. This bound

entirely arises from the scale-invariance of the theory. For such choices of parameters

we find mh2 � mX . This ensures that it is not possible to produce the DM from the

on-shell decay of the new scalar. The bound on mX also tells that the SM-like Higgs

can not have on-shell decay into a pair of DM. Thus, the DM freeze-in production in

the present framework takes place entirely via 2-to-2 scattering of the bath particles.

• One must ensure the DM remains out of equilibrium in early times such that the freeze-

in production condition Γint < H is satisfied, where Γint = 〈σv〉inieq is the reaction rate

(i ∈ SM). We note, for gX ∼ O (10−4) the reaction rate always falls below the Hubble

rate H ensuring the DM production takes place non-thermally at high temperature.
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This is established from the bottom panel of Fig. 3. Thus, for all benchmark values

of gX and mX which give rise to right DM abundance, the DM is safely produced out

of thermal equilibrium.

• As we will see, the observed DM abundance can be achieved for gX ∼ O (10−5) for

DM mass up to 2 TeV. For such gX ’s, we also find the scalar mixing sin θ ∼ O (10−5),

which implies the portal coupling λHS is extremely tiny, that in turn ensures that

it is impossible for the dark sector to equilibrate with the visible one. However, the

non-thermalization of the dark sector by itself is not guaranteed. If the XX → h2 h2

process is very efficient then it will deplete the number density of X and form a

dark plasma with a temperature, which is in general, different from that of the SM

temperature, within the dark sector. The non-thermalization condition within the

dark sector can be encoded via

nX〈σvXX→h2h2〉 ≤ H (33)

where nX is the number density of vector DM. Note that, the interaction cross-section

〈σvXX→h2h2〉 is proportional to the dark gauge coupling g4
X , and thus the condition

can be trivially satisfied for gX ∼ O (10−5), which is of our interest.

• The DM, in principle, can be produced in two different regimes: (a) symmetric phase:

T & 160 GeV, 〈H〉 = 0, where the SM gauge bosons are massless and and (b) broken

phase: T < 160 GeV, 〈H〉 6= 0 with massive SM gauge bosons. The total DM yield is

then given by the sum of yields in these two regimes. Since the scale invariance of the

theory induces symmetry breaking in both the sectors simultaneously, hence before

the electroweak symmetry is broken, the DM is massless and relativistic, as opposed

to the usual cases of freeze-in [90, 99]. We aim to address this scenario in a future

draft11.

11 A study of freeze-in production of scalar DM in the relativistic regime can be found in [166].
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B. Viable dark matter parameter space

In order to compute the final DM yield, we have solved Eq. (30) numerically, and obtain

the relic abundance of the DM at the present epoch via

ΩXh
2 =

(
2.75× 108

) ( mX

GeV

)
YX(T0) (34)

where T0 is the temperature at the present epoch, which corresponds to x → ∞. We must

also remind that the Planck [165] allowed relic density allows:

ΩDMh
2 = 0.11933± 0.00091, (35)

which we will use to constrain the relic density allowed parameter space. The presence of the

(decaying) light scalar h2 can give rise to two other very important bounds in the present

model along with the relic density, which will constraint the model parameter space. We

discuss them below.

1. Bound from the Big Bang nucleosynthesis (BBN)

Within the DM freeze-in regime, the mediator h2 is much lighter than the DM, and can be

∼ O (1 GeV) for DM mass mX ∼ O (10 TeV). Also, its coupling to the SM fermions turns

out to be θ ∼ O (10−5). Since h2 decay to SM particles is suppressed by the small mixing

angle, its lifetime tends to be very long and it may cause problems in the early Universe [167].

In particular there will be an upper bound on the h2-lifetime from nucleosynthesis. It is

well known that quasi-stable particles with decay times τ & 0.1 seconds may significantly

perturb the primordial light element nucleosynthesis occurring approximately between 1 and

1000 seconds after the birth of the universe. The decay lifetime of h2 into the SM states can

thus potentially perturb the successful predictions of light element yields accumulated in the

early universe. If the decay occurs after BBN with τh2 > 1 sec, entropy production has to

be less than ∼ 10% (assuming no change to light element abundances due to it) because the

precision measurements of the baryon density through BBN and CMB observations match

very well [115, 168]. Therefore, the absence of significant entropy production after BBN

will put a strong bound on the lifetime τh2 . If the mediator decays before BBN, entropy

production constraints are non-existent.
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A fully quantitative analysis of these effects is beyond the scope of this paper and can

be found in, for example, Ref.[169]. Instead we follow [170] and, to remain within the 2σ

limit of the observed 4He abundance, require Γ−1
h2
≡ τh2 < 1 sec. Note that, this is rather a

conservative bound given the fact that the light scalar never comes in equilibrium with the

SM due to feeble portal coupling. For mh2 ∼ O (1 GeV), h2 can decay on-shell into a pair of

light fermions, and also to photon and gluon final states via loop. The partial decay widths

to the SM final states of h2 are given by [171, 172]

Γff =
GF sin2 θ Nc

4
√

2
m2
fmh2

(
1−

4m2
f

m2
h2

)3/2

Γγγ =
GF sin2 θ

128
√

2

α2m3
h2

π3

∣∣∣∣∣∑
f

NcQ
2
fA1/2 (xf ) +A1 (xf )

∣∣∣∣∣
2

Γgg =
GF sin2 θ

36
√

2

αsm
3
h2

π3

∣∣∣∣∣34 ∑
q

A1/2 (xq)

∣∣∣∣∣
2

(36)

where xi = m2
h2
/4m2

i , Nc is the number of colors for a given fermion species and Qf is its

electromagnetic charge. Also,

A1/2 (x) = 2
[
x+ (x− 1) f(x)

]
x−2

A1(x) = −
[
2x2 + 3x+ 3 (2x− 1) f(x)

]
x−2

(37)

with

f(x) ≡


Arc sin2√x x ≤ 1,

−1
4

[
log 1+

√
1−x−1

1−
√

1−x−1 − iπ
]2

x > 1.

(38)

Now, since Γh2 depends both on the mixing sin θ and on mh2 , which is turn, are functions

of gX and mX , therefore it is evident that the requirement τh2 < 1 sec will constraint the

resulting parameter space in the gX −mX plane, especially ruling out small gX values which

can result in very long lifetime of the light scalar.

2. Dark matter direct detection

Contrary to the usual notion that DM nuclear recoil cross sections are suppressed by tiny

portal couplings (which is required for DM freeze-in), and therefore DM direct-detection
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experiments do not provide relevant constraints in freeze-in framework, 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 [90]

dσXN
dq2

(
q2
)

=
σXN

4µ2
XNv

2
F
(
q2
)

(39)

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

) (40)

is the total cross-section with the effective DM-nucleon coupling is fN ≈ 0.3 [173]. Here the

factor m2
h2

+ 4µ2
XNv

2
DM in the denominator represents the light mediator effects [90, 174].

The function F (q2) is defined as [175]

F (q2) =

(
1 + q2

min/m
2
h2

)(
1 + q2

ref/m
2
h2

)
(

1 + q2/m2
h2

)2 (41)

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. (39)

will have extra q2 dependence characterized by F (q2). We again remind the readers that

the portal coupling λHS is not a free parameter, rather can be expressed in term of the

dark gauge coupling gX following the relations in Eq. (20). This makes the DM-nucleus

scattering cross-section σXN ∝ g4
X , which implies large gX will result in large σXN , making

the parameter space vulnerable from direct detection bounds12. We consider exclusion limits

from XENON1T [79] (black solid curve), and projected bounds from PandaX-4T [81] (black

dashed), LUX-ZEPLIN (LZ) (brown dashed) [176], XENONnT [80] (black dotdashed) and

12 In 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), see Fig. 1.
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DARWIN [177] (black dotted) experiments which provide upper limit on the DM-nucleon

scattering cross-section at 90% C.L.

FIG. 4: Left: The black straight line represents the contour satisfying Planck observed relic

density in the bi-dimensional plane of gX-mX . Right: Relic density allowed parameter space (cyan

region) projected in direct search plane where exclusion limits from spin-independent direct search

experiments are portrayed (black solid, black thick dashed, black dot-dashed, brown thick and black

dotted curves) along with the expected discovery limit corresponding to the so called “ν-floor” from

CEνNS of solar and atmospheric neutrinos for a Ge target (orange dashed curve).

We can now proceed to explore the allowed parameter space for the DM satisfying relic

density and direct search limits. This is furnished in Fig. 4. The black thick straight line in

the left panel of Fig. 4 shows the contour satisfying observed relic abundance. Here we see,

with increase in DM mass, one needs a larger gX to satisfy the relic constraint ΩXh
2 ' 0.12.

This can again be explained from the approximate relation in Eq. (32), from which we find

ΩXh
2 ∝ mX × YX ∝ (gX/mX)4. Thus, it is evident, one needs to tame down the gauge

coupling in order to satisfy the observed abundance for a lighter DM, and the dependence

is linear. We see, up to a DM mass of mX ∼ 2 TeV, right abundance is obtained in the

vicinity of gX ∼ 10−5. A part of the relic density allowed parameter space is also ruled

out from BBN constraint. This is shown by the gray region. As it is seen, for a fixed mX ,

increasing gX relaxes the BBN bound since it gives rise to a larger mixing (and also a larger

mh2 following Eq. (26)) that results in a smaller lifetime (Eq. (36)). The same effect is also

realized on increasing mX for a fixed gX . The BBN bound thus discards DM mass below

mX . 467 GeV with gX . 2× 10−5. In other words, a lower bound on gX can be set solely
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from BBN, depending on the corresponding DM mass.

In the right panel we show how much of the relic density allowed parameter space sur-

vives spin-independent direct search constraints for DM mass up to 2 TeV. The right DM

abundance is obtained within the cyan band where we have gX ∈ {1 × 10−5 − 8 × 10−5},

as we can see from the left panel. The BBN bound can also be projected in σXN − mX

plane, as shown by the red points. Since with the increase in gX the DM-nucleon scattering

cross-section increases following Eq. (39), hence one expects comparatively lower DM mass

region to be safe from direct detection bound where one requires lower gX to obtain the

right abundance. However, a lower gX also results in a lighter mh2 that enhances the direct

search cross-section in turn. Hence, we see, lower DM masses are tightly constrained from

several direct search experiments, while the bounds get relaxed as we move on to heavier

DM mass. Within this range of gX and mX that produces right abundance, the mass of the

new scalar turns out to be mh2 ∼ 30 MeV (mentioned along the top horizontal axis), which

is of the order of typical momentum transfer scale q ∼ 10 MeV in DM-nucleus scattering.

We see, the viable region of the parameter space lies below the PandaX-4T exclusion limit

for DM mass mX & 642 GeV with gX & 2.7 × 10−5. For gX & 1.2 × 10−5 (corresponding

mX & 300 GeV) the relic density allowed parameter space lies below the exclusion limit

from XENON1T, however, a major part of the parameter space is ruled out by BBN (shown

in red). One should note here, it is possible to obtain the right relic abundance for a DM of

mass as large as ∼ O(10 TeV) with gX ∼ O (10−4), which, needless to mention, will satisfy

the direct search bound. In that case mh2 can be as large as ∼ O(1 GeV). Hence, it is

possible to have the scalar mass around the GeV scale in the expense of making the DM

heavy, satisfying both relic abundance and direct detection constraints. As we shall see in

the next section, such light scalars can be probed in various ongoing and proposed experi-

ments. A large part of the parameter space, on the other hand, can be potentially tested in

the future XENONnT experiment. We also show limit from the so called “ν-floor” [178] via

the orange dashed lines, below which the number of neutrino events due to coherent elastic

neutrino-nucleus scattering (CEνNS) is expected to be much larger than the number of DM

events, which prevents to identify DM signals with certainty. The parameter space of our

interest lies just below the ν-floor for DM mass mX & 1.8 TeV.

Before closing this section we would like to mention that in the present model the t-

channel scalar mediation can as well give rise to non-zero DM-electron scattering cross-
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section. As it is known, experimental sensitivity to events with a single or a few ionization

electrons has been demonstrated with XENON10[179] and more recently DarkSide [180],

thus allowing for a novel way to probe light DM scattering off of electrons with an existing

experimental setup [181]. Now, an approximate analytical expression for DM-e scattering

cross-section has the form: σXe ∝ λ2
HS g

2
X

(
m2

X me

m2
h1
m2

h2

)2

, which produces a cross-section ∼

O (10−50) cm2 for a DM mass of 300 GeV with gX = 10−5 (where λHS can be substituted

using Eq. (20)). Such a small cross-section is far below the present sensitivity of DM-electron

scattering experiments, hence we do not consider them here.
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IV. LABORATORY PHENOMENOLOGY

FIG. 5: The thick black straight line shows the DM parameter space complying with the

Planck observed relic abundance and satisfying spin-independent direct search exclusion limit in

sin θ −mh2 plane. Experimental limits are shown from E949 [182], CHARM [183], NA62 [184],

FASER-I&II [119–122], FCC-hh [185, 186], ATLAS [187–190], SeaQuest [191], LHCb [192],

KLEVER [193], DUNE [117, 118], DarkQuest-Phase2 [125], MATHUSLA [126], SHiP [127] and

PS191 [123, 124]. All proposed experimental limits are denoted by dashed curves, while the existing

limits are in solid. Exclusion region from supernova cooling and BBN are also depicted

To this end, we showed that the freeze-in vector DM in our model can give rise to a

viable parameter space satisfying bounds from relic density. We have also realized that the

scale invariance of the theory gives rise to a naturally light scalar mediator which influences

the nuclear recoil spectrum in direct detection experiment, leading to the possibility of

probing this model there-in. In this section we investigate the prospects of searching for this

light scalar (and thus probing the DM parameter space) in intensity frontier and lifetime

frontier experiments which look for for light, weakly interacting, electrically neutral long-
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lived particles. These experiments are capable of probing extremely small mixing angles.

Dark sectors with light degrees of freedom can be probed with a variety of experiments at the

luminosity frontier, including proton [121, 194–205], electron [206–213] and positron fixed

target facilities [214]. Here we show, the allowed parameter space of the DM lies well within

the reach of several such experiments given the mass and mixing of the light scalar13. The

noteworthy point here is that, the coupling responsible for the freeze-in production is being

directly probed at the experimental level, which, in general, is not the case14. However, given

the underlying scale invariance, the resulting parameter space is extremely constrained and

predictive.

FIG. 6: Different colored bars represent the reach of the corresponding experiments (mentioned

along the horizontal axis) in probing the maximum mass of the light scalar. The DM mass, sat-

isfying relic density and spin-independent direct detection bound, corresponding to different mh2

(following Eq. (26)) are mentioned along the vertical axis on the right side.

Let us now note that the requirement of ΩXh
2 ' 0.12 typically constraints the ratio

mX/gX since ΩXh
2 ∝ (gX/mX)4, as mentioned before (c.f. Eq. (32)). This also implies, for

fixed a ΩXh
2, the mixing becomes constant since sin θ = vh

/√
v2
h + (mX/gX)2 and gX/mX

is determined from relic abundance. Thus, the scale-invariance of the theory, together with

13 Light dark sector scenarios have been explored in great detail over the past decade [63, 215–223].
14 For probing freeze-in in collider experiments the presence of a lightest odd sector particle (LOSP) is

generally required [87].
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the requirement of right relic abundance, fixes sin θ to a constant value. For all choices

of {mX , gX} that leaves the combination mX/gX constant (proportional to ΩXh
2), we find

sin θ ∼ 10−5. This is what we are referring to as a “miracle” in the present model, as the

value of this mixing angle is always fixed, as decided by the scale invariance of the theory.

Thus, in the mh2− sin θ plane, the relic density allowed parameter space is simply a straight

line with a fixed sin θ (independent of mh2), determined from the observed relic density.

This is shown by the black horizontal straight line in the top panel of Fig. 5. For the given

mass range of mh2 the constraint from spin-independent direct search is trivially satisfied

since mh2 ≥ 0.1 GeV corresponds to DM mass mX & 3.5 TeV.

FIG. 7: Summary of all experimental bounds described in Sec. III B and Sec. IV in the direct search

plane, where the relic density allowed DM parameter space shown via the thick cyan curve as in

Fig. 4. The pink region is disallowed from supernova bound on the mass of light scalar. The light

blue region in the background denotes the mass range that can only be probed in lifetime frontier

experiments. The colorful vertical dashed lines indicate the ranges in which different intensity

frontier experiments can search. Inset shows the sensitivity of direct detection experiments up to

DM mass of 2 TeV (Fig. 4).

In Fig. 5 we summarize the result obtained from DM phenomenology, together with

the search reach of several planned/proposed experiments (contours with the names of ex-
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periments indicated) in mh2 − sin θ plane. We see, light scalar mediator in the present

model is within the reach of CHARM [183], DUNE [117, 118], FASER-I&II [119–122],

PS191 [123, 124], DarkQuest-Phase2 [125], MATHUSLA [126] and SHiP [127] (see for ex-

ample [224] for a summary on these experiments) for the allowed range of mass and mixing.

Note that, the weakly coupled light scalar mediator can be produced on shell during a super-

nova (SN) explosion and significantly contribute to its energy loss, thereby shortening the

duration of the observable neutrino pulse emitted during core collapse. The most significant

such constraint arises from SN1987A [172, 225], that excludes mh2 ∼ 148 MeV, as shown

by the pink region labelled as ‘Supernova.’ Fig. 6 shows the sensitivity of the potential

experiments (as obtained from the left panel) in probing different ranges of mh2 . For each

mh2 it is possible to choose suitable {mX , gX} (mentioned along the right vertical axis) such

that right DM relic abundance is obtained abiding all bounds discussed previously.

In Fig. 7, we have summarized the bounds from both DM direct search and lifetime

frontier experiments that we have discussed in Sec. III B and Sec. IV respectively. The thick

cyan curve denotes the relic density allowed parameter space for the DM as we already

found in Fig. 4. We have now extended this up to ∼ 25 TeV to accommodate the bounds on

mh2 from lifetime frontier experiments. We show the exclusion limits from spin-independent

direct detection experiments from XENON1T, and projected sensitivity limits from PandaX-

4T, LUX-ZEPLIN (LZ), XenonNT and DARWIN. As expected, for low DM mass region

(below 1 TeV) these bounds are severe but become rather weak for heavier DM mass15.

A light scalar with mass below ∼ 250 MeV is ruled out from supernova observations as

indicated by the pink region. This corresponds to a DM mass . 6.4 TeV. Above DM mass of

∼ 1.8 TeV the relic density allowed parameter space gets submerged into the ν-floor, where

separating DM scattering from the background neutrino scattering is rather challenging.

However, it is interesting to note that in those regions several intensity frontier experiments

can provide excellent sensitivity. The vertical colored dashed lines show the range of h2

masses (equivalently DM mass) in experiments like DUNE, CHARM, PS191, MATHUSLA,

SHiP, FASER-II etc. Thus, even though direct search experiments may lose sensitivity in

exploring heavy DM masses, but the presence of the light scalar can still provide potential

signals in the plethora of intensity and lifetime frontier experiments, and thanks to the scale

15 Direct search limit on superheavy DM have been explored in Refs. [226–228].
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invariance of the theory, this automatically implies a signature of the freeze-in DM, in this

model.

V. DISCUSSION AND CONCLUSION

Scale invariance at the classical level leads to alleviating the gauge hierarchy problem

as the observed scales (EW and DM scales) can be dynamically generated at the quantum

level, removing the perilous quadratic divergences from the UV cut-off. In a conformal

gauge extension of the SM we showed that the observed cosmological DM abundance can

also be satisfied. We investigated the freeze-in production of dark matter (DM), which

rests on the possibility of DM particle being only feebly interacting with the visible SM

sector; here the DM abundance slowly builds up from, say, the collision of the bath of (SM)

particles. Although this mechanism is perfectly capable of explaining the present observed

relic abundance of DM, but due to its super weak coupling with the visible sector, usually it is

challenging to test such a framework in laboratory experiments or astrophysical observations.

In a minimal U(1)X gauge extended SM that incorporates a vector boson DM which receives

mass due to spontaneous symmetry breaking of U(1)X via radiative corrections known as

the Coleman-Weinberg mechanism, we showed a mass scale is transmuted from the dark

to the electroweak sector through the portal interactions. The underlying scale invariance

allows only two independent parameters, namely, the DM mass mX & 240 GeV and the

gauge coupling gX . The new scalar is also found to be naturally light with mass mh2 � mX .

We have shown that this set-up leads to DM production via freeze-in for suitable choice of

interaction strength, that is within the reach of several low energy experiments. Considering

gX ∼ O (10−5) it is possible to produce the entire observed DM relic abundance for mX ∼

O (1 TeV) via 2-to-2 scattering of the SM particles in the thermal bath. Due to the presence

of the light scalar mediator (with mass ∼ MeV), the parameter space for freeze-in DM can

be constrained from spin-independent direct detection exclusion limits from experiments

like PandaX-4T , satisfying bounds from big bang nucleosynthesis (BBN), ensuring that

the light scalar decays into SM degrees of freedom with a lifetime of less than a sec. For

mh2 ∼ O (1 GeV), one has to choose a very heavy DM that automatically satisfies direct

detection bound.

The main findings of this paper are summarized in Figs. 5 & 7. In the former, the
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requirement of obtaining the right abundance for the DM essentially fixes the scalar mixing

to a fixed value of sin θ ∼ O (10−5), which is again attributed to the the scale invariance of

the theory. This gives rise to a simple straight line contour in the mh2−sin θ plane satisfying

relic density and direct detection bounds. But interestingly this particular mixing is within

the reach of several (proposed) lifetime and intensity frontier search facilities for mh2 up

to about 3.5 GeV. In Fig. 7, we show the complementarity probes of such DM candidates,

which tells us for massive DM (mX & 1.8 TeV) the intensity frontier experiments can provide

more sensitivity than direct detection, even in probing parameter space that goes beyond the

ν-floor. As a consequence, even though the present model may produce null results in the

scattering experiments but still leaves a window to be probed in experimental frontiers. The

scale invariant SM×U(1)X symmetry thus leads to a testable freeze-in scenario satisfying all

relevant constraints on the DM parameter space, where the coupling responsible for freeze-in

is being directly probed at laboratories around the world.

We would finally like to conclude by pointing out that given such relevance of scale in-

variance and the freeze-in mechanism of DM formation in early universe along with the

availability of planned and upcoming several light dark sector (intensity frontier and life-

time frontier) experiments, we showed that due to constrained relations between the model

parameters (λHS ∝ g4
X) it uniquely predicts the FIMP portal coupling at which the relic

density can be satisfied as well as be searched for in the laboratory including DM direct

detection experiments which otherwise is not motivated for FIMP hunting. This ushers

in a new era where UV-completion in BSM particle physics model-buildings may lead to

predictive FIMP dark matter candidates to be tested in very near future.
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Appendix A: Annihilation cross-sections for freeze-in production

Here we note down the analytical expressions for all the relevant 2-to-2 annihilation cross-

section of the SM particles to DM final states. We denote all SM leptons by `, quarks by q

and gauge boson masses by mV ∈ mW ,mZ . The total decay width of the SM-like Higgs is

indicated by Γh1 ' 4 MeV [230].

σ (s)``→XX '
g4
X m

2
`

64π s

√
(s− 4m2

X) (s− 4m2
`)(

s−m2
h1

)2
+ Γ2

h1
m2
h1

(
m2
h1
−m2

h2

s−m2
h2

)2(
s2 − 4m2

Xs+ 12m4
X

(m2
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Xv
2
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2

)

σ (s)qq→XX '
g4
X m

2
q
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q
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(
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h1

)2
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h1
m2
h1

(
m2
h1
−m2

h2
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h2

)2(
s2 − 4m2
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X

(m2
X + g2

Xv
2
h)

2

)

σ (s)V V→XX '
g4
X

288π s

√
s− 4m2

X

s− 4m2
V

(
m2
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h2
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h2

)2(
1(
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)
[
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V s+ 12m4

V )

(m2
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2
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]

σ (s)h1h1→XX '
g4
X

32πs

(
mh1

mX

)4 (
s+ 2m2

h1

)2(
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h1
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√
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X

s− 4m2
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(
1− 4m2

X

s
+

12m4
X
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)
.

(A1)

The last expression is derived by keeping only the leading order in the double expansion of

gX and m2
h2
/m2

X .
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[93] S. Heeba, F. Kahlhoefer, and P. Stöcker, JCAP 11, 048 (2018), 1809.04849.

[94] F. Elahi, C. Kolda, and J. Unwin, JHEP 03, 048 (2015), 1410.6157.

[95] S.-L. Chen and Z. Kang, JCAP 05, 036 (2018), 1711.02556.

[96] N. Bernal, F. Elahi, C. Maldonado, and J. Unwin, JCAP 11, 026 (2019), 1909.07992.

[97] A. Biswas, S. Ganguly, and S. Roy, JCAP 03, 043 (2020), 1907.07973.

[98] B. Barman, D. Borah, and R. Roshan, JCAP 11, 021 (2020), 2007.08768.

[99] B. Barman, S. Bhattacharya, and B. Grzadkowski, JHEP 12, 162 (2020), 2009.07438.

[100] N. Bernal, J. Rubio, and H. Veermäe, JCAP 06, 047 (2020), 2004.13706.
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