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Abstract. We consider a simple abelian vector dark matter (DM) model, where only the DM
(X̃µ) couples non-minimally to the scalar curvature (R̃) of the background spacetime via an

operator of the form ∼ X̃µ X̃
µ R̃. By considering the standard freeze-out scenario, we show,

it is possible to probe such a non-minimally coupled DM in direct detection experiments for a
coupling strength ξ ∼ O

(
1030

)
and DM mass mX . 55 TeV, satisfying Planck observed relic

abundance and perturbative unitarity. We also discuss DM production via freeze-in, governed
by the non-minimal coupling, that requires ξ . 10−5 to produce the observed DM abundance
over a large range of DM mass depending on the choice of the reheating temperature. We
further show, even in the absence of the non-minimal coupling, it is possible to produce
the whole observed DM abundance via 2-to-2 scattering of the bath particles mediated by
massless gravitons.
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1 Introduction

The existence of dark matter (DM) has been extensively proven from several astrophysi-
cal [1–4] and cosmological [5, 6] evidences (for a review, see, e.g. Refs. [7–9]). All these
evidences unequivocally point towards the gravitational interactions of the DM. As far as its
fundamental particle nature goes, it is already established from observations that DM has to
be electrically neutral and stable at least at the scale of lifetime of the Universe. The mea-
surement of the anisotropy in the cosmic microwave background (CMB) radiation provides
the most precise measurement of the DM relic density, usually expressed as ΩDMh

2 ' 0.12 [6],
which is an important constraint to abide by. Since the Standard Model (SM) of particle
physics fails to offer a viable candidate, one has to look beyond the realms of the SM to
explain the particle DM. The weakly interacting massive particle (WIMP) [7, 10] by far
is the most popular DM candidate where one assumes the DM particles to be in thermal
equilibrium in the early Universe due to strong enough coupling with the visible sector that
gives rise to an interaction strength of the order of the weak scale. The DM abundance then
freezes out once the interaction rate falls out of equilibrium as the Universe expands and
cools down. The weak scale interaction strength with the visible sector provides a window
for WIMP-like DM candidates to be probed in collider, indirect or scattering experiments
(see, e.g., Ref. [11]), however no significant excess over the background has been found so far
to guarantee a potential discovery in either of these experiments.

Contrary to the vanilla WIMP-paradigm, it is also possible that the DM particle couples
to the visible sector very weakly, so that chemical equilibrium is never achieved. The DM is
then produced by decay or annihilation processes from the visible sector, until the production
ceases due to the cooling of the primordial thermal bath below the relevant mass scale
connecting the DM particle to the visible sector. Due to the super weak coupling strength,
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the DM particles produced via the freeze-in mechanism are referred to as feebly interacting
massive particles (FIMP) [12–17]. The feeble interaction strength between the DM and
the SM sector in freeze-in scenario implies that these classes of models are inherently very
difficult to search for in direct detection, indirect detection, or collider experiments. It has
further been pointed out, depending on whether the DM interaction with the visible sector
is renormalizable or non-renormalizable, freeze-in can be either infrared (IR) where the DM
abundance becomes important at a low temperature [12, 16–22] or ultra-violate (UV) where
the DM genesis takes place at the highest temperature achieved by the thermal bath [16, 23–
31].1

Since all the confirmed evidences for DM simply suggest that DM should have gravita-
tional interaction, the production of gravitational DM and its detection prospects have been
widely studied in the literature in the context of scalar, fermion and vector boson DM [34–
49]. This production mechanism of DM refers to the particle creation due to the time varying
scale factor of the Universe [34, 50–52]. The production of “supermassive” DM during the
transition between an inflationary and a matter-dominated (or radiation-dominated) Uni-
verse due to the (non-adiabatic) expansion of the background spacetime has been discussed
in Refs. [34, 52]. On a different note, Refs. [39, 42, 46, 53–55] have studied the production
of gravitational DM where only gravity minimally couples the DM to the visible sector, such
as, via the annihilation of the SM bath particles and/or inflatons mediated via s-channel
graviton exchange. Beyond the minimally coupled scenario, it is also possible that the DM
is non-minimally coupled to gravity, characterised by the non-minimal coupling ξ, where
ξ = 0 mimics the minimally coupled scenario. In this context, it is worth to be mentioned
that ξ = 1/6 is known as conformal coupling for a massless scalar field. In case where
the conformal symmetry is broken, ξ can well be considered to be a free parameter2 that
determines the DM-SM interaction strength, albeit suppressed by the Planck mass. While
the phenomenology of non-minimally coupled DM has been studied both in the context of
WIMP [37, 58] and FIMP [59], considering DM with or without any intrinsic spin, the study
of non-minimally coupled vector DM is rather hard to find.

In this work we have considered a simple scenario, where a massive vector boson DM
(Xµ) that originates from an abelian gauge extension of the SM, has a non-minimal coupling
to the gravity. Here we consider only the DM to be non-minimally coupled to gravity which
makes our model construction very economical in terms of the number of free parameters.
Considering dimension-4 operators of the form ∼ X̃µX̃

µR̃, we show the vector DM can ei-
ther undergo pair-annihilation to the SM final states to produce the Planck observed relic
abundance via freeze-out or can be produced from the scattering of the bath particles giv-
ing rise to out-of-equilibrium production via freeze-in. It is worth mentioning that a simple
construction like ∼ X̃µX̃

µR̃ is popular in the context of inflation [60–64], whereas its promi-
nence is rarely explored in the context of DM Physics. Considering the vector DM to be a
standard WIMP, for the freeze-out scenario, one can have a viable parameter space safe from
the stringent (spin-independent) direct search bounds for ξ ∼ O(1030). We emphasise that in
previous works on non-minimally coupled scalar DM, the DM communicates with the SM via
a (non-)standard Higgs mediator (which is also non-minimally coupled), that suppresses its
direct search cross-section due to heavy mediator mass or small momentum exchange [37, 58].
This is in sharp contrast to the present scenario where the absence of mediator opens up di-

1This temperature can be the reheating temperature in the case of a sudden inflaton decay, but can also
be much larger if the decay of the inflaton is non-instantaneous [32, 33].

2In case the SM Higgs is non-minimally coupled to gravity, |ξh| . 2.6× 1015 [56, 57].
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rect search possibilities via contact interactions. The presence of the non-minimally coupled
scalar mediator, on the other hand, can also provide observable signatures for DM indirect
detection in terms of gamma-ray flux, anti-proton flux or positron excess that in turn further
constrain the DM mass and the non-minimal coupling. The absence of such mediators set
the present model free from those bounds. Additionally, the freeze-in production can occur
both in the presence or absence of the non-minimal coupling. In contrast to the freeze-out
case, freeze-in production of DM via non-minimal coupling requires ξ to be smaller by sev-
eral orders of magnitude, that ensures the DM production rate remains below the Hubble
expansion parameter. For typical choices of the reheating temperature and the non-minimal
coupling ξ, it is possible to produce DM via freeze-in over a wide mass range starting from a
few keV to several orders of TeV, satisfying various theoretical and observational bounds. Fi-
nally, we show, gravitational UV freeze-in, corresponding to the minimally coupled scenario,
can lead to DM overabundance for a large reheating temperature. We thus consider DM
genesis in the early Universe through: i) freeze-out via non-minimal coupling, ii) freeze-in
via non-minimal coupling, and iii) minimally coupled gravitational UV freeze-in, and in each
case we illustrate the viable parameter space.

This paper is organised as follows. The model construct is discussed in Sec. 2 elaborating
the underlying action in Jordan and in the Einstein frame. The WIMP phenomenology is
discussed in Sec. 3, where the viable parameter space for the DM satisfying the bounds from
Planck observed relic density and spin-independent direct detection is shown. We then move
on to the discussion regarding freeze-in production of vector DM in Sec. 4, under which
freeze-in via non-minimal coupling is addressed in subsection 4.1 and in subsection 4.2 the
gravity mediated (minimal) DM production is addressed. Finally, we conclude in Sec. 5.
Appendices are provided for the paper to be self-sufficient.

2 The framework

2.1 Non-minimally coupled vector DM

We consider the vector DM Xµ to be a massive gauge boson under some abelian U (1)X
symmetry and construct the following action in the Jordan frame, where the DM is explicitly
coupled to the scalar curvature of the background spacetime (R̃)

S̃ =

∫
d4x

√
−g̃
[

1

2

(
M2

Pl − ξ X̃µX̃
µ

)
R̃+ L̃DM + L̃SM

]
, (2.1)

with

L̃DM = −1

4
X̃µνX̃

µν +
1

2
m2
XX̃µX̃

µ. (2.2)

Note that R̃, L̃DM and L̃SM (defined in Appendix A) belong to the Jordan frame and defined
with respect to the metric in the Jordan frame i.e. g̃µν . MPl is the reduced Planck scale
≈ 2.4 × 1018 GeV. Here we assume a Stueckleberg mass term3 for the vector DM which
prohibits any connection of the DM with the visible sector apart from gravity. This leads to
the simplest scenario for a non-minimally coupled abelian vector DM.4 We also assume the
presence of an unbroken Z2 symmetry under which the DM is odd while all the SM fields are

3In abelian gauge theories, the Stueckelberg mechanism can be taken as the limit of the Higgs mechanism
where the mass of the real scalar is sent to infinity and only the pseudoscalar is present [65–68].

4It is well known that the kinetic term of the longitudinal mode of a non-minimally coupled massive
vector boson becomes negative on sub-horizon scale during inflation [69–71]. Such modes, called ghosts, are

– 3 –



even, thus ensuring the stability of the DM by forbidding the kinetic mixing term. 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 [76, 77], else the cosmological stability condition requires even smaller values
(. 10−15) of the kinetic mixing parameter [78, 79].

Now, to obtain the form of the action in the Einstein frame, we perform a conformal
transformation gµν = ω2 g̃µν to the action S̃, where ω2 = 1 − ξ

M2
Pl
X̃µX̃

µ and gµν stands for

the spacetime metric in the Einstein frame. This leads us to the action in the Einstein frame
where the gravitational part of the action turns into the well-known Einstein-Hilbert action.
Thus, considering the metric signature (+,−), and using the above conformal transformation,
we obtain (see Appendix A for details),

S =

∫
d4x
√
−g

[
M2

PlR

2
+

3ω4

4M2
Pl

∇α(ξ XµX
µ)∇α(ξ XµX

µ)− 1

4
Xµν X

µν

+
1

2ω2
m2
X XµX

µ +
1

ω4
(LY − V (H)) +

1

ω2
(DµH)†(DµH)

+
i

ω3
f̄ γa ∂a f −

1

4
gµα gνβF (a)

µν F
(a)
αβ +

3 i

ω4
f̄ (/∂ ω) f

]
, (2.3)

where S represents the action in the Einstein frame. Note that, all the parameters in the
above action such as R, LSM and as well as the DM sector, now belong to the Einstein
frame and defined with respect to the metric gµν . Now, expanding ω in the small field limit
ξ (XµX

µ) /M2
Pl � 1 [80] we obtain

ω =

(
1 +

ξ

M2
Pl

XµX
µ

)−1/2
' 1− ξ

2M2
Pl

XµX
µ + O

(
M−4Pl

)
. (2.4)

Using Eq. (2.4) we find

S =

∫
d4x
√
−g

[
M2

PlR

2︸ ︷︷ ︸
Pure gravity

+ (DµH)†(DµH) + (LY − V (H)) + i f̄ γα ∂α f −
1

4
F (a)
µν F

(a)µν︸ ︷︷ ︸
SM

− 1

4
Xµν X

µν +
1

2
m2
X XµX

µ︸ ︷︷ ︸
FreeDMsector

+

{
ξ m2

X

2M2
Pl

(XαX
α)2 +

2ξ

M2
Pl

XαX
α (LY − V (H))

+
ξ

M2
Pl

XαX
α (DµH)†(DµH) +

3i ξ

2M2
Pl

XαX
α f̄ γµ ∂µ f −

3 iξ

2M2
Pl

f̄ /∂ (XαX
α) f

+
3 ξ2

4M2
Pl

∇α(XµX
µ)∇α(XµX

µ)

}]
. (2.5)

From the previous expression, it can be clearly seen that the terms within the curly bracket are
associated with ξ, and exhibit all possible DM-SM interactions in the theory. This also shows
that it is not possible for the DM to decay gravitationally, contrary to Refs. [38, 40, 48]. Note

dangerous as they lead to vacuum decay, making these theories phenomenologically viable only as effective
theories below certain cut-off scale [72, 73]. Several prescriptions have been proposed to cure this problem
e.g., in Refs. [71, 74, 75] although no definite conclusion regarding the viability of such theories have been
reached.
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that the mass term for the DM is also modified by the conformal transformation parameter.
However, such a mass correction is negligible compared to the Stueckleberg mass because of
Planck suppression. Our choice of working with the Einstein frame (where a field minimally
couples to gravity) relies on the fact that in the Jordan frame (where a field non-minimally
couples to gravity), due to the non-canonicality of the gravitational Lagrangian, some physical
parameters such as the stress energy tensor of the non-minimally coupled field turns out to be
more complicated than in the Einstein frame [81, 82]. Furthermore, due to non-canonicality
of the kinetic term of the gravitational field in the Jordan frame, one obtains the propagator
for the graviton modified by the factor ∝ (ξX̃2)−1, which appears in a more manageable form
in the Einstein frame. Therefore, we consider the Einstein frame to be the physical frame,
where the theoretical and observational predictions become comprehensible.

2.2 Dark matter production mechanisms

It is clear from Eq. (2.5) that the interaction of the DM with the visible sector is determined
by the non-minimal coupling strength ξ. Thus, depending on the strength, the DM in the
present model can be produced via: i) freeze-out, where the DM X acts as a thermal WIMP
that gives rise to the observed relic abundance for a ξ ∼ O

(
1030

)
via 2-to-2 annihilation

with the SM particles in the final states. Such large coupling is required to ensure that the
DM remains in equilibrium with the thermal bath in the early Universe, and ii) freeze-in,
where the DM is produced from 2-to-2 scattering of the bath particles. Contrary to the
freeze-out scenario, freeze-in requires ξ . O

(
105
)

to ensure the DM production takes place
out of equilibrium at large temperatures. In the former case the DM can be as heavy as
mX . 55 TeV satisfying unitarity bound, while in the later case the vector DM becomes
a typical FIMP and can be as heavy as mX ∼ O

(
1010

)
GeV depending on the choice of

the reheating temperature. Apart from these options, which depend on the non-minimal
coupling strength, the DM can also be produced via the irreducible gravitational UV freeze-
in, as gravitons can still mediate between the DM and the SM. Such a process is always
present since this corresponds to the minimally coupled scenario with ξ = 0. Tab. 1 provides
a summary of the different DM genesis mechanisms addressed in this paper.

DM production ξ

Freeze-out ∼ O
(
1030

)
(non-minimal) freeze-in . O

(
105
)

Gravitational UV freeze-in (minimal) 0

Table 1. Typical non-minimal couplings and their corresponding DM production mechanisms.

The Boltzmann equation (BEQ) governing the DM number density nX evolution can
be expressed as [10]

ṅX + 3H nX = γ (2.6)

where γ is the reaction rate density that depends on the underlying DM production mech-

anism, while the Hubble parameter reads H(T ) = π
3

√
g?
10

T 2

MPl
, in a SM radiation dominated

Universe, and g?(T ) corresponds to the number of relativistic degrees of freedom contributing
to the SM radiation [83]. It is convenient to express Eq. (2.6) in terms of the dimensionless
quantity x = mX/T

xH s
dYX
dx

= γ(x) , (2.7)
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where we define the DM yield YX ≡ nX/s, as the ratio of DM number density nX and the

comoving entropy density in the visible sector is defined via s(T ) = 2π2

45 g?sT
3, with g?s(T )

being the number of relativistic degrees of freedom contributing to the SM entropy [83].
To match the observed DM abundance ΩDMh

2 ' 0.12 at the present epoch T = T0, the
DM yield has to be fixed so that mXYX (T0) = ΩDMh

2 1
s0
ρc
h2
' 4.3 × 10−10 GeV, where

ρc ' 1.1 × 10−5h2 GeV/cm3 is the critical energy density and s0 ' 2.9 × 103 cm−3 is the
entropy density at present [6].

3 Freeze-out of vector dark matter

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 (see, e.g., Refs. [19, 28, 84–102]).
In all these cases the DM is minimally coupled to gravity and communicates with the visible
sector via the Higgs portal. Here, however, we consider that both sectors communicate
only through gravity by considering a Stueckelberg mass term for the vector DM. In such a
scenario,we end up with only two free parameters

{mX , ξ} (3.1)

that control the resulting parameter space for the DM. This makes the present model simple
yet testable.

Figure 1. Left: Pair annihilation of abelian vector DM into SM final states leading to DM relic
abundance, where SM stands for all SM particles. Right: Scattering of DM against SM quarks q
leading to spin-independent direct search.

The freeze-out parameter space for the DM is primarily constrained by the requirement
of obtaining the observed relic abundance. One should note here, due to the absence of Higgs
portal, the DM can annihilate to the SM final states only via contact interaction involving a
pair of DM and a pair of SM particles as shown in Fig. 1. This contact interaction is induced
solely by the gravity, and hence proportional to the strength of the non-minimal coupling ξ.
The DM abundance is obtained by numerically solving the BEQ in Eq. (2.6), where

γ = −〈σv〉
(
n2X − n2Xeq

)
(3.2)

for a standard WIMP scenario [103], where nXeq is the equilibrium DM number density
given by nXeq(T ) ' T

2π2 gX m
2
X K2

(
mX
T

)
, for non-relativistic DM. In the present case, the

pair annihilation cross-section for the DM to the SM final states (left panel of Fig. 1) is
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s-wave dominated:

(σv)XX→SMSM '



4Ncm2
Xξ

2

M4
Pl π

√
1− x2

(
4− x2 − 3x4

)
+ O[v2] x ≡ mf/mX

δV ξ2

144πm2
X

(
g2vd
cwMPl

)4√
1− x2

(
1 + 2x2 + 3x4

)
+ O[v2] x ≡ mV /mX

ξ2m2
X

9πM4
Pl

√
1− x2

(
1 + 2x4

)
+ O[v2] x ≡ mh/mX

(3.3)
where Nc = 1 (3) for leptonic (quark) final states, g2 is the SM SU(2)L gauge coupling with
sw as the sine of the weak mixing angle and δV = 1 (2) for Z (W±) boson final states.
Here vh ' 246 GeV is the Higgs vacuum expectation value and v is the relative velocity
between two incoming DM particles. The final DM abundance can be obtained by solving
the BEQ numerically. However, for DM annihilations dominated by s-wave processes, the
relic abundance can be approximated as [10]

ΩXh
2 ' 1.07× 109

xf GeV−1(
g?s/
√
g?
)
〈σv〉MPl

(3.4)

where xf = mX/Tf is the freeze-out temperature that can be determined by the condition
H (xf ) = 〈σv〉 (xf ).

Figure 2. Left: The relic density allowed region is shown in the bi-dimensional ξ −mX plane. The
grey shaded region to the right of the black dashed line is ruled out by the unitarity bound on WIMP
mass. Right: The relic density satisfied points are shown in the direct search plane where different
coloured regions correspond to different ranges of ξ. The spin-independent direct search limits from
Panda-4T and projected XENONnT experiments are shown via black dashed and black dot-dashed
curves respectively. The dashed orange curve indicates the expected discovery limit corresponding to
the so called “ν-floor” from CEνNS of solar and atmospheric neutrinos for a Ge target.

To obtain the freeze-out parameter space, we implemented this model in LanHEP [104]
and computed the relic abundance numerically in MicrOmegas [105]. The values of ξ required
to match the whole observed DM abundance are shown in the left panel of Fig. 2. From
Eq. (3.3) it is clear that the annihilation cross-section in all cases is proportional to ξ2/M4

Pl.
Thus, with an increase in the strength of the non-minimal coupling, one should expect DM
under abundance, while reducing the non-minimal coupling should lead to over abundance.

The DM gives rise to a spin-independent direct search cross-section as shown in the
right panel of Fig. 1. Even in the absence of any Higgs portal, the DM can still recoil against
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the SM quarks (via contact interaction), giving rise to direct detection signals that depend
only on the non-minimal coupling ξ. On top of relic abundance, the spin-independent direct
search exclusion limit also puts very stringent bound on the DM parameter space, particularly
constraining large values for the non-minimal coupling ξ. The effective DM-quark coupling
can be parameterized as

fq '
ξ mq

M2
Pl

, (3.5)

which gives rise to a DM-nucleus scattering cross-section for the vector boson DM [106, 107]

σXNSI =
µ2XN
πm2

X

[Zfp + (A− Z) fn]2 (3.6)

where fp,n are the effective DM-nucleon coupling and µXN = mX mN/ (mX +mN ) is the
DM-nucleus reduced mass, with Z being the number of protons and A − Z the number
of neutrons. We rely on the hadronic matrix elements and DM form factors included in
MicrOmegas to compute the direct search cross-section. The right panel of Fig. 2 shows the
parameter space in the ξ − mX plane where Planck observed relic abundance is satisfied,
together with constraints from spin-independent direct detection. Here we see, for a com-
paratively lower DM mass one needs a larger ξ to satisfy the observed relic abundance. This
can again be understood from Eq. (3.3), where we find the total annihilation cross-section

to SM final states goes roughly as (σv)total ∼ A
ξ2m2

X

M4
Pl

(
1 + C M

4
Pl

m4
X

)
in the limit x→ 0, where

A =
(
16Nc
π + 1

9π

)
and C = B/A with B = δv

144π

(
g2 vd
cwMPl

)4
. The relic abundance thus becomes

ΩXh
2 ∼ 1

(σv)total
∼ m2

XM
4
Pl/
(
A ξ2

[
m4
X + BM4

Pl

])
, which behaves as ΩXh

2 ∼ 1/
(
ξ2m2

X

)
for

mX & 20 GeV. Therefore, a larger DM mass requires a smaller ξ and vice versa, in order
to obtain the observed relic abundance. This, in turn, influences the direct search allowed
parameter space for the DM. This is seen from the right panel of Fig. 2, where higher values
of 1030 . ξ . 1031 (red points) are discarded from the present limit from PandaX-4T exper-
iment [108] (black dashed curve) and mostly from future projection of XENONnT [109] up
to DM mass of mX ∼ 500 GeV. For DM mass mX & 500 GeV the direct search bounds are
relaxed (green points) since a smaller ξ is needed to satisfy the desired abundance for larger
DM mass as argued above, which in turn produces a smaller σXNSI aiding the direct search.
A large part of the viable parameter space, however, lies beyond the so called “ν-floor” [110],
below which the number of neutrino events due to coherent elastic neutrino-nucleus scatter-
ing (CEνNS) is expected to be much larger than the number of DM events, which prevents
to identify DM signals with certainty.

Another constraint on the DM mass and non-minimal coupling strength can be derived
from the requirement of perturbative unitarity. Here we restrict ourselves to the tree-level
unitarity bound [111]

|Re (aJ)| < 1

2
(3.7)

where aJ is the is the partial-wave amplitude for the total angular momentum J , and is
related to the tree-level scattering amplitude M via

aJ (s) =
1

32π

∫ +1

−1
d (cos θ) PJ (cos θ) M (3.8)
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where PJ (cos θ) is the Legendre polynomial of degree J . Here we provide an approximate
analytical bound on the DM parameter space for both the freeze-out and freeze-in scenario.
We note, the scattering amplitude in either case has a dependence of the from

M' ξ s

M2
Pl

. (3.9)

This leads to
√
s <

√
8π

ξ
MPl (3.10)

from the requirement of partial-wave unitarity of the S-matrix, which in turn constraints the
annihilation cross section in the early Universe. A part of the parameter space for the WIMP-
like DM is thus excluded, as shown by the grey shaded region in the left panel of Fig. 2. For
ξ ∼ O(1030), Eq. (3.10) implies, the cut-off scale Λ ∼ Mpl/

√
ξ of the theory lies around a

few TeV. As we shall see, this situation strikingly improves for freeze-in, where the theory
remains valid all the way up to the Planck scale, thanks to ξ . O(1), needed for a successful
freeze-in production. This also indicates freeze-in to be a more favourable mechanism of DM
production in the present set-up, keeping the high scale validity of the model intact. Before
moving on, we would like to mention that there are limits on the DM annihilation cross-
section from the non-observation of gamma-ray signals in dwarf satellite galaxies from the
MAGIC Cherenkov telescopes and the Fermi Large Area Telescope (LAT) [112]. However,
these bounds typically constraint the low DM mass region mX < 50 GeV in our case, where
the direct search bounds are much more severe, hence we do not show them here. It is
interesting to note that an effective interaction of the form ξ R̃ X̃µ X̃µ can similarly be written

for a fermionic DM χ̃: ξ
Mpl

χ̃ χ̃ R̃ in the Jordan frame. Note that the presence of 1/MPl in

the non-minimal coupling of the DM χ̃ in the Jordan frame brings additional suppression of
1/MPl in the coupling strength of the DM in the effective Einstein action. It is thus expected
that for fermionic DM, detectable signals will be more suppressed compared to vector DM
scenario. For scalar DM ϕ̃, on the other hand, we can write the well-known interaction
ξ ϕ̃2 R̃ in the Jordan frame. The phenomenology of such non-minimally coupled scalar DM
in presence of non-minimally coupled SM Higgs ξh H̃

†H̃ R̃ has been studied in Ref. [37]. In
the limit ξh → 0 this situation becomes similar to the present framework, where the scalar
DM can pair annihilate into the SM final states only via contact interactions ϕϕ → SM SM
in the Einstein frame, opening up the possibility of DM direct detection which is otherwise
shown to be absent in Ref. [37].

4 Freeze-in production of vector dark matter

Since the effective coupling of the DM with the visible sector in the non-minimally coupled
scenario is suppressed by the Planck mass (∼ ξ/M2

Pl), hence it is rather natural to assume
the DM produced out of equilibrium from the SM bath depending on the choice of the non-
minimal coupling ξ. In that case, the DM is non-thermally produced in the early Universe via
freeze-in [16, 17]. In this section, we show freeze-in is a viable set-up for the non-minimally
coupled vector DM,5 and the observed relic abundance can be produced for a much lower ξ
compared to the freeze-out case, depending on the DM mass and reheating temperature.

5This is in contrast to Ref. [59] where the authors have considered a conformally induced Higgs portal.
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4.1 Freeze-in via non-minimal coupling

In the present scenario, the freeze-in production of the DM occurs through the 2-to-2 scat-
tering of the SM particles in the thermal bath via contact interaction as in Fig. 3. We solve
the full BEQ in Eq. (2.7) numerically with the 2-to-2 annihilation cross-sections collected in
Appendix C. The DM yield, however, can be analytically computed by approximating the
annihilation cross-section to be of the form

σ (s) ∼ ξ2

M4
Plm

4
X

s3 (4.1)

for a centre-of-mass energy much higher than the DM and SM masses (the general expression
is reported in Appendix C). Note that, the DM is considered to be always massive, and thus
the cross-section has a 1/m4

X dependence due to the longitudinal modes of the massive gauge
boson Xµ. This gives rise to the DM reaction density

γ ' ga gb
ξ2 T 12

M4
Plm

4
X

, (4.2)

where ga,b are the degrees of freedom of the incoming SM particles. The DM yield reads

YX (T ) ' ξ2
√
g?ρ g?s

(
T 7
RH − T 7

)
m4
XM

3
Pl

, (4.3)

where assuming an instantaneous decay for the inflaton, TRH corresponds to the temperature
at which the inflaton decays, and therefore the maximum temperature reached by the thermal
bath. We have also neglected the small deviation due to temperature evolution of the numbers
of relativistic degrees of freedom. Note that the majority of the DM is produced near the
highest temperatures T ' TRH reached by the Universe, which is the characteristic of UV
freeze-in [16, 23, 25, 27, 28].

Figure 3. Freeze-in production of the abelian vector DM, where SM stands for all the SM particles.

Before closing this section, we would like to comment about the instantaneous decay
approximation of the inflaton. While reheating is commonly approximated as an instanta-
neous event, the decay of the inflaton into SM radiation is a continuous process [113]. Away
from this approximation for reheating, the bath temperature may rise to a value Tmax which
exceeds TRH [33]. It is plausible that the DM relic density may be established during this
reheating period, in which case its abundance will significantly differ from freeze-in calcu-
lations assuming radiation domination. In particular, it has been observed that if the DM
is produced during the transition from matter to radiation domination via an interaction
rate that scales like γ(T ) ∝ Tn, for n > 12 the DM abundance is enhanced by a boost
factor proportional to (Tmax/TRH)n−12 [114], whereas for n ≤ 12 the difference between the
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standard UV freeze-in calculation differ only by an O(1) factor from calculations taking into
account non-instantaneous reheating. More recently, it has been highlighted that the criti-
cal mass dimension of the operator at which the instantaneous decay approximation breaks
down depend on the equation of state ω, or equivalently, to the shape of the inflationary
potential at the reheating epoch [25, 30, 115]. Therefore, the exponent of the boost factor

becomes (Tmax/TRH)n−nc with nc ≡ 6 + 2
(
3−ω
1+ω

)
, showing a strong dependence on the equa-

tion of state [25]. Subsequent papers have explored the impact of this boost factor in specific
models [24, 116–127]. Finally, another way for enhancing the DM abundance occurs in cos-
mologies where inflation is followed by an epoch dominated by a fluid stiffer than radiation.
In such scenarios, even a small radiation abundance, produced for instance by instantaneous
preheating effects, will eventually dominate the total energy density of the Universe without
the need for a complete inflaton decay. In particular, a strong enhancement if DM production
happens via interaction rates with temperature dependence higher that nc = 6 [29].

In the present case, as the interaction rate density γ(T ) ∝ T 12 (cf. Eq. (4.2)), a sizeable
boost factor is not expected, at least in the standard case where during reheating the inflaton
energy density scales like non-relativistic matter. However, as the precise determination of
such boost factors depends on the details of the inflationary model (in particular on the
energy density carried by the inflaton and its equation-of-state parameter previous to its
decay), it is beyond the scope of this study.

4.2 Gravitational UV freeze-in

In this section we consider the gravitational DM production in the minimal case where ξ = 0.
In particular, we have already realised in Sec. 4.1 that as opposed to the freeze-out scenario,
freeze-in supports ξ � 1 depending on the choice of the DM mass and reheating temperature.
However, even if we set ξ to be exactly zero, still gravity can propagate between the DM and
the SM once we allow a small fluctuation in the background spacetime. Therefore, in the
small ξ limit it is possible that the gravity mediated interactions may dominate over those
due to non-minimal coupling. Specifically, we consider the weak gravity limit of the Eq. (2.5)
and take ξ = 0. Subsequently, we expand the free part of the Lagrangian around the flat
Minkowski background which can be realised via gµν = ηµν +κhµν , where hµν is taken to be
a small fluctuation over the flat Minkowski spacetime and κ = 1/MPl. Due to the smallness
of the fluctuation, we allow this perturbative expansion up to the first order in hµν . This
also leads us to gµν = ηµν − κhµν and

√
−g ≈ 1 + κh

2 , where h = ηµν h
µν . Thus we write

Lgm(X,SM) = L(0)gm + κL(1)gm +O(κ2) + ... (4.4)

where Lgm(X,SM) stands for the Lagrangian of SM matter fields and DM field defined with
respect to gµν while ξ is taken to be zero. Thereafter one can write the perturbed Lagrangian
corresponding to all the SM and DM fields up to the leading order of hµν as6

L(1)gH =
h

2
(DµH)† (DµH)− hµν (DµH)† (DνH)− κh

2
VH , (4.5)

L(1)gf =
h

2
(i f̄γµ ∂µf)− i

2
hαβ f̄ γ

α ∂βf , (4.6)

L(1)gX =
1

2
hναXµν X

µα − h

8
XµνX

µν +

(
hm2

X

4
XαX

α −
m2
X

2
hµαXµXα

)
. (4.7)

6For a detailed derivation see Refs. [128, 129]

– 11 –



Note that all fields and operators in the above set of equations are now contracted with
respect to the Minkowski metric ηµν . At this stage we note:

• The above equations signify that even in the absence of the non-minimal coupling the
DM can still be produced from the visible sector via the s-channel exchange of massless
gravitons as in Fig. 4.

Figure 4. Gravitational UV freeze-in production of vector DM via massless graviton mediation.

• For ξ 6= 0, one can similarly employ the metric fluctuation to the terms within the
curly bracket of Eq. (2.5), which gives rise to coupling strength ∼ O

(
ξ/M3

Pl

)
with

gravitational fluctuations (hµν , h). This coupling strength is more suppressed than
the effective non-minimal coupling

(
ξ/M2

Pl

)
that corresponds to the background flat

metric (ηµν). Moreover, this is also suppressed than that due to the metric fluctuations
(∼ 1/MPl), emerging from the free part of the Lagrangian in Eq. (2.5). This leads us
to neglect such coupling consistently in the subsequent analysis.

Therefore, in the presence of both the minimal and non-minimal coupling (for ξ 6= 0), the
resulting Lagrangian can be written as

L ∼ Lminimal + Lnon-minimal , (4.8)

with the squared amplitude approximated to be

|M|2 ' |Mnon-minimal|2 + |Mminimal|2 +O
(
ξ/M4

Pl

)
. (4.9)

We thus separately consider the contributions due to non-minimal coupling and those due to
graviton mediation in the present set-up.

The interaction rate density for such 2-to-2 graviton mediated process reads [42, 46, 53,
54, 116, 130]

γ(T ) = α
T 8

M4
Pl

, (4.10)

with α ' 2.3× 10−3. For T � TRH, one can analytically obtain the DM yield at the end of
reheating as

YX(T0) '
45α

2π3 g?s

√
10

g?

(
TRH

MPl

)3

, (4.11)

in the case mX � TRH.7

7Two comments are in order. Firstly, we note that the DM abundance could also be set entirely in the
hidden sector by the dark freeze-out of 4-to-2 interactions, where four DM particles annihilate into two of
them [46, 131–134]. However, such a possibility is sub-dominant due to a strong suppression by higher orders
of MPl. Secondly, the gravitational production can be enhanced in scenarios with extra dimensions, see e.g.,
Refs. [135–155].
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Figure 5. Top: Reaction densities as a function of temperature where in red we assume only the
SM fields are to be massless, while in blue the SM is assumed to be massive. In either cases the
DM is massive with mX = 10 GeV (top left) and mX = 105 GeV (top right). Bottom: The black
straight contours correspond to the central value of Planck observed DM relic abundance for different
choices of TRH (shown by different patterns) in the left panel and for different choices of ξ in the
right panel. The shaded regions are disallowed from DM thermalization: ξ & 105 (purple), CMB:
TRH > 1016 GeV (magenta), DM production in instantaneous approximation TRH < mX (blue),
Lyman-α limit: mX . 3.5 keV (orange) and DM overproduction due to s-channel graviton mediated
process (green).

In the top panel of Fig. 5 we illustrate a comparison of the reaction densities (γ) con-
sidering only the SM particles to be massless (in red) with the one where all states (SM
and DM) are massive (in blue), for two different DM masses: 1 GeV (left) and 105 GeV
(right). We see the two scenarios behave identically with temperature, irrespective of the
DM mass, with a difference in magnitude only in the percentage level. Thus, the massless
SM approximation is a valid one in the present scenario. The DM, however, is considered
always to be massive as mentioned before.

In the bottom panel of Fig. 5 we illustrate the parameter space matching the whole
observed DM relic density for the freeze-in scenario. In both the panels, the black straight
lines indicate contours satisfying the observed relic density. From the left panel we see, for
a smaller choice of TRH, the observed DM abundance can be obtained for lighter DM for
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a fixed ξ. This is understandable, since the DM abundance varies as ΩXh
2 ∝ ξ2 T 7

RH/m
3
X ,

hence a larger TRH calls for a heavier DM mass to produce the right abundance for a fixed
ξ. Thus, the contours are in increasing order of TRH from left to right. This can also be
verified from the right panel plot where the black straight line contours corresponding to
right DM abundance are in increasing order of ξ from left to right. Notice, in the freeze-
in framework it is possible to have DM mass from keV up to ∼ O(1010) GeV satisfying
the observed abundance, unlike the freeze-out case where the DM mass can be maximum
∼ 55 TeV. The contribution from the gravitational UV freeze-in is shown in green, where
the coloured region depicts DM overproduction when the DM is minimally coupled to the
SM. In the left panel we project this bound in the ξ-TRH plane, where we see DM can be
gravitationally over produced for mX & 1010 GeV and the production becomes comparable to
that via non-minimal coupling for TRH & 1013 GeV. This is also reflected in the right panel,
where we find DM production from gravitational UV freeze-in overwhelms the production
due to non-minimal coupling for heavier DM and large TRH (cf. Eq. (4.11)).

The relic density allowed parameter space for the DM can further be constrained by sev-
eral bounds as shown by the coloured regions in the bottom right panel. Here we summarise
them. First of all, it is important to note that one can not take ξ arbitrarily large since in that
case the reaction rate of DM production may exceed the Hubble rate at large temperatures,
making the DM thermal. We find the condition Γint = 〈σv〉inieq < H (where i ∈ SM) can be
satisfied with ξ . 10−5. For heavier DM mX & 105 GeV, however, this condition is somewhat
relaxed as the thermally averaged interaction cross-section has 〈σv〉 ∝ 1/m4

X dependence. We
thus project a rather conservative bound on ξ from the non-thermal condition. A major part
of the viable parameter space is disallowed from the instantaneous inflaton decay approxima-
tion, which does not allow to have a DM mass larger than the reheating temperature TRH.
This is shown by the blue region. The upper limit on the inflationary scale is constrained
from CMB measurements [156]: HCMB

I ≤ 2.5 × 10−5MPl, which in turn allows TRH ≤ 1016

GeV. DM mass below 3.5 keV is forbidden from the measurements of the free-streaming of
warm DM from Lyman-α flux-power spectra [157–159]. This is denoted by the thin orange
region. Finally, TRH . 4 MeV can potentially disturb the measurement of light element yield
from big bang nucleosynthesis (BBN) and hence such a small reheating temperature can not
be allowed.

5 Conclusions

The gravitational interaction of DM with the SM fields is inevitable, and supported by all
astrophysical and cosmological evidences for the existence of DM. This leads us to consider
a scenario where a vector boson DM couples to the SM fields through an unique dimension-
4 operator, connecting a pair of DM fields (i.e., X̃µX̃

µ) with the scalar curvature of the

background spacetime (R̃) via a non-minimal coupling. Unlike most of the cases studied in
the literature, here we consider only the DM fields are non-minimally coupled to gravity.
This gives rise to the non-minimal coupling of DM to the visible sector in the Einstein frame
leading to DM pair annihilation (production) to (from) the SM particles. In all such cases,
the effective DM-SM interaction strength is parametrized by the coupling ∼ ξ/M2

Pl, that can
further be constrained by different theoretical and experimental bounds as discussed. We
take up the simplest form of non-minimally coupled abelian vector DM, where the DM is
considered to be Z2-odd (while all the SM fields are Z2-even) and owns a Stuecklberg mass
term. This helps in reducing the number of free parameters for the theory to only two: the
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non-minimal coupling ξ and the DM massmX , which in turn portrays the minimalistic feature
of this model. By considering the DM to be a weakly interacting massive particle (WIMP),
we find, to produce the observed relic abundance via freeze-out, ξ turns out to be ∼ O

(
1030

)
for DM mass mX . 55 TeV such that perturbative unitarity is not violated. We also show,
for such choice of the non-minimal coupling, it is possible to evade strong spin-independent
direct detection bounds arising from PandaX-4T experiment (or even future projection of
XENONnT), however a large part of the viable parameter space also gets submerged into
the so-called neutrino floor. Thus, the model provides testability for such a gravitationally
coupled simple WIMP scenario in DM scattering experiments.

In the present set-up, it is also interesting to address the freeze-in production of the
vector DM, where only 2-to-2 annihilation of the bath particles can give rise to the required
DM abundance. The freeze-in mechanism turns out to be more preferable in this scenario
since in that case the non-minimal coupling turns out to be O(1), that in turn keeps the
theory valid till the Planck scale. The freeze-in production can occur both via the non-
minimal coupling to gravity, as well as via s-channel graviton exchange, where the latter is
present even in the limit ξ → 0. We notice that the freeze-in yield replicates the typical
UV nature, where the DM number density reaches maximum at the highest temperature
of the thermal bath (which is the reheating temperature, assuming instantaneous inflaton
decay), and immediately saturates. Contrary to the freeze-out scenario, a much smaller ξ is
require to obtain the Planck observed relic density, depending on the choice of the reheating
temperature and satisfying several bounds arising from perturbative unitarity, warm DM
limit, scale of inflation and BBN.
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A Transformation from Jordan frame to Einstein frame

The action in Jordan frame can be written as follows:

S =

∫
d4x

√
−g̃

[
1

2

(
M2

Pl − ξ X̃µX̃
µ

)
R̃+ L̃DM + L̃SM

]
(A.1)

where g̃µν stands for the metric in the Jordan frame while L̃SM and L̃DM represent the
Lagrangian for the SM and the dark sector respectively, and can be written in explicit form
as follows,

L̃DM = −1

4
X̃µνX̃

µν +
1

2
m2
XX̃µX̃

µ. (A.2)
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L̃SM = g̃ µν (D̃µH̃)† (D̃νH̃)− 1

4
F̃µνF̃

µν +
i

2
f̃
←→
/̃∇ f̃ + L̃Y . (A.3)

As stated earlier, we follow the metric convention ηµν = {+,−,−,−} and consider the
conformal transformation as

gµν = ω2 g̃µν (A.4)

where gµν stand for the spacetime metric of Einstein frame and ω is known to be the conformal
factor. We identify

1− ξ X̃µX̃
µ

M2
Pl

≡ ω2. (A.5)

Note that all the un-tilde quantities belong to the Einstein frame. We mention that the
spacetime coordinates are not altered due to the conformal transformation. Therefore the
ordinary derivative ∂̃ = ∂, whereas the covariant derivative ∇̃µ is defined with respect to
the g̃µν . It can also be perceived that when covariant derivative operates on the scalar

it reduces to ordinary derivative and thus we write: ∇̃µφ = ∂̃µφ = ∂µφ. Furthermore

note that H̃, f̃ , X̃µ and F̃µν all remain unaffected by the conformal transformation i.e.,

H̃ = H, f̃ = f, X̃µ = Xµ and F̃µν = Fµν . On the other hand, F̃µν = g̃αµ g̃βν F̃αβ = ω4 Fµν .

In the fermionic sector /̃∇ = γµ ∇̃µ, where γµ are the gamma matrices in the Jordan frame
and can be connected to the Einstein frame by using the vierbein. Now we analyse term by
term of the action in Eq. (A.1). R̃ is the Ricci scalar in the Jordan frame and can be related
to the Ricci scalar in the Einstein frame as below [160]

R̃ = ω2
[
R− 6 gαβ∇α∇β(lnω) + 6 gαβ∇α(lnω)∇β(lnω)

]
. (A.6)

Using the above relation we replace R̃ in the Eq. (A.1). We also transform all the parame-
ters associated with the term R̃ to Einstein frame by using the appropriate transformation
relations. Thus the first two terms in Eq. (A.1) turn out to be∫

d4x
√
−g
[
M2

PlR

2
+

3ω4

4M2
Pl

∇α(ξ XµX
µ)∇α(ξ XµX

µ)

]
. (A.7)

Following the discussion above Eq. (A.6), one obtains

X̃µνX̃
µν = g̃αµg̃βν Xµν Xαβ = ω4 gαµgβν XµνXαβ = ω4XµνX

µν (A.8)

X̃µX̃
µ = g̃µν XµXν = ω2 gµν XµXν (A.9)

and
g̃ µν (D̃µH̃)† (D̃νH̃) = ω2 gµν (DµH)† (DνH). (A.10)

For fermions some comments are in order:

• In case of fermions, the metrics of the two frames are connected by the vierbein.

g̃µν = eaµ e
b
ν ηab det(eqν) =

√
−g̃ eaµ e

µ
b = δab . (A.11)

Furthermore, the vierbein satisfy: eaµ = ω−1 δaµ and eµa = ω δµa .

• In the case of the Einstein frame (gµν) we take the background to be flat and consider
gµν → ηµν . Consequently the conformal transformation becomes: g̃µν = ω−2 ηµν [37].
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• Vierbein depicts the connection between two frames and its two indices such as (µ, ν,
α...) represent the indices for Jordan frame and (a, b, c, ...) stand for Einstein (flat)
frame. For example, one can see below (Eq. (A.12)) that how γµ and γa are connected
by the vierbein.

• All indices of Jordan and flat frame are contracted with the corresponding metric such
as g̃µν and ηµν , respectively.

Using this relation and following the discussion above Eq. (A.1), we get partially transformed
fermionic action as follows:

S̃f =

∫
d4x det (eqν)

[
i

2
f̄γµ
←→
∇̃ µ f

]
=

∫
d4x ω−4

√
−g
[
i

2
f̄γa eµa

←→
∇̃ µ f

]
(A.12)

=

∫
d4x ω−4

√
−g
[
i

2
f̄γa ω δµa

←→
∇µ f

]
. (A.13)

In case of fermion the covariant derivative is defined as: ∇µ f = ∂µ f + i
2 ωµ

mn σmn, where
ωµ

mn are the antisymmetric coefficients of the spinor connection and σmn = i
2 (γmγn−γnγm).

Thus putting this in the Eq. (A.13) we get,

Sf =

∫
d4x

i
√
−g

2ω3
f̄ γa
←→
∂a f −

1

4

∫
d4x

√
−g
ω3

f̄ γa δµa ωµ
mn σmn f . (A.14)

At this stage, let us elaborately analyse the term ωµ
mn as below:

ωµ
mn = emν Γνσµ e

σn − (∂µ e
m
ν ) eνn

=
ω2

2
δmν η

ab δνa δ
β
b

[
∂µ(ω−2ησβ) + ∂σ(ω−2ηµβ)− ∂β(ω−2ησµ)

]
ησα δnα

+
∂µ ω

ω
δmν η

να δnα. (A.15)

Further simplifying the above, we obtain

ωµ
mn = − 1

ω
(δmµ ∂

nω − δnµ ∂
m ω). (A.16)

Let us put Eq. (A.16) in the second term of Eq. (A.14) and use the following properties of
gamma matrices:

{γm, γn} = 2 ηmn γm γ
m = 4 I (A.17)

Therefore, the second term of Eq. (A.14) becomes:

−1

4

∫
d4x

√
−g
ω3

f̄ γa δµa ωµ
mn σmn f

=
i

8

∫
d4x
√
−g f̄ γp δµp (δmµ ∂

n ω − δnµ ∂
m ω) (γmγn − γnγm) f

=
3 i

2

∫
d4x

√
−g
ω4

f̄ (/∂ ω) f =
3 i

2

∫
d4x

√
−g
ω4

f̄ (∂m ω) γm f . (A.18)
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Therefore Eq. (A.14) becomes:

Sf =

∫
d4x
√
−g
[
i

ω3
f̄ γa ∂a f +

3 i

ω4
f̄ (/∂ ω) f

]
. (A.19)

Note: ωµ
mn contains ∂ operators which also possess over left right arrow as similar to the

∂ operator in the first term of Eq. (A.14). Now Eq. (A.19), has been written by removing
the over left right arrow from the ∂ operators and consequently a 1/2 factor is removed from
both the terms. Additionally, the SM gauge field sector will exactly behave as the dark sector
under conformal transformation such as shown in Eq. (A.8). Therefore combining Eqs. (A.7),
(A.8), (A.8) (A.9), (A.10) and (A.19) we get the final form of action in the Einstein frame
for the whole setup as follows:

S =

∫
d4x
√
−g

[
M2

PlR

2
+

3ω4

4M2
Pl

∇α(ξ XµX
µ)∇α(ξ XµX

µ)− 1

4
Xµν X

µν +
1

2ω2
m2
X XµX

µ

+
1

ω4
(LY − V (H)) +

1

ω2
(DµH)†(DµH) +

i

ω3
f̄ γµ ∂µ f

− 1

4
gµν gλρF (a)

µν F
(a)
νρ +

3 i

ω4
f̄ (/∂ ω) f

]
, (A.20)

where V (H) is the renormalizable Higgs potential for the SM. Here LY contains the Yukawa
interaction terms.

B Interactions with metric fluctuation

Consider the following Lagrangian:

Lgm(X,SM) = L(0)gm + κL(1)gm +O(κ2) + ... (B.1)

where Lgm(X,SM) stands for the Lagrangian of all the matter fields, including the SM and
the DM, defined with respect to gµν . This can be written as

LgH =
√
−g
[
gµν(DµH)† (DνH)− VH

]
(B.2)

LgA =
√
−g
[
− 1

4
Fµν F

µν

]
(B.3)

Lgf =
√
−g
[
i f̄γα∂α f

]
(B.4)

LgX =
√
−g
[
− 1

4
XµνX

µν +
1

2
m2
XXµX

µ

]
. (B.5)

L(0)gm depicts the Lagrangian of the SM and DM fields in the Minkowski (ηµν) spacetime.
We refer the readers to [128] for detail derivation of the interaction terms. For illustration
purposes, here we analyse LgH under the metric fluctuation: gµν = ηµν +κhµν , where due to
the smallness of the fluctuation (hµν), we allow the perturbative expansion of the Lagrangian
up to the first order in hµν . This also leads us to gµν = ηµν − κhµν and

√
−g ≈ 1 + κh

2 ,
where h = ηµν h

µν . Using the metric fluctuation and allowing up to the leading order in hµν ,
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LgH can be written as

LgH =

(
1 +

κh

2

)[
(ηµν − κhµν) (DµH)† (DνH)− VH

]
=
[
ηµν (DµH)† (DνH)− VH

]
+
κh

2
(DµH)† (DµH)

−κhµν (DµH)† (DνH)− κh

2
VH (B.6)

from which one can find the relevant interaction terms.

C Annihilation cross-section for freeze-in

We have used CalcHEP [161] to calculate the cross-sections for 2-to-2 processes with a pair of
DM in the final state as a function of the CM energy where f, V and H stand respectively
for the SM fermions, SM gauge bosons (massive) and the SM Higgs.

σ (s)ff→XX =
Nc ξ

2 (4m2
X − s)

1440M4
Plm

4
X π s

6

[
1152m8

f

(
s− 4m2

X

)4
− 64m6

fs
(
s− 4m2

X

)2 (
288m4

X − 94m2
Xs+ 13s2

)
+ 32m4

fs
2
(
3456m8

X − 2416m6
Xs+ 771m4

Xs
2 − 86m2

Xs
3 + 6s4

)
− 2m2

fs
3
(
9216m8

X − 5696m6
Xs+ 1596m4

Xs
2 − 236m2

Xs
3 + s4

)
− 3s4

(
−384m8

X + 224m6
Xs+ 96m4

Xs
2 − 6m2

Xs
3 + s4

)]
(C.1)

σ (s)V V→XX =
ξ2 (s− 4m2

X)

4320M4
Plm

4
X π s

6

[
192m8

V

(
s− 4m2

X

)4
− 32m6

V s
(
s− 4m2

X

)2 (
96m4

X − 68m2
Xs+ s2

)
+ 8m4

V s
2
(
2304m8

X − 2624m6
Xs+ 1304m4

Xs
2 − 184m2

Xs
3 + 19s4

)
− 4m2

V s
3
(
768m8

X − 608m6
Xs+ 368m4

Xs
2 − 148m2

Xs
3 + 13s4

)
+ s4

(
192m8

X − 32m6
Xs+ 152m4

Xs
2 − 52m2

Xs
3 + 7s4

)]
(C.2)

σ (s)HH→XX =
ξ2 (s− 4m2

X)

480M4
Plm

4
X π s

6

[
192m8

h

(
s− 4m2

X

)4
+ 128m6

hs
(
s− 4m2

X

)2 (−24m4
X + 12m2

Xs+ s2
)

+ 32m4
hs

2
(
576m8

X − 496m6
Xs+ 176m4

Xs
2 − 31m2

Xs
3 + 6s4

)
+ 8m2

hs
3
(
−384m8

X + 224m6
Xs− 4m4

Xs
2 − 31m2

Xs
3 + 6s4

)
+ s4

(
192m8

X − 32m6
Xs+ 152m4

Xs
2 − 52m2

Xs
3 + 7s4

)]
. (C.3)

In the limit when all SM particles are massless, we find
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σ(s) =
ξ2

πM4
Pl

(
13s3

540m4
X

+
115s2

432m2
X

+
5s

3
+

344m6
X

45s2
−

194m4
X

27s
−

71m2
X

27

)
' 0.02

ξ2

πM4
Pl

s3

m4
X

,

(C.4)
assuming s� m2

X .

References

[1] F. Zwicky, Die Rotverschiebung von extragalaktischen Nebeln, Helv. Phys. Acta 6 (1933) 110.

[2] F. Zwicky, On the Masses of Nebulae and of Clusters of Nebulae, Astrophys. J. 86 (1937) 217.

[3] V.C. Rubin and W.K. Ford, Jr., Rotation of the Andromeda Nebula from a Spectroscopic
Survey of Emission Regions, Astrophys. J. 159 (1970) 379.
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