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1 Introduction

The Weakly Interacting Massive Particle (WIMP) paradigm, once considered the leading
candidate for dark matter (DM), has faced increasing challenges as experiments have yet
to detect any clear signals of WIMPs. This has prompted the need to explore alternative
mechanisms for DM production and interaction beyond the traditional thermal freeze-in
and freeze-out scenarios. Such mechanisms allow for a broader exploration of the parameter
space, accommodating a wider range of dark matter masses, interaction strengths, and
production processes.

Recently, a new paradigm has emerged, in which DM is not in thermal equilibrium
with the Standard Model (SM) or is heavier than the temperature of the universe at the
time of production [1–7]. In this scenario, dark matter production relies on freeze-in at low
temperatures, where the Boltzmann tail of the SM particle distribution enables the generation
of a relic abundance. This approach opens up possibilities for models and parameter spaces
that were inaccessible under the assumption of thermal equilibrium.

Gravity-Mediated Dark Matter (GMDM) is particularly intriguing in this context. In
GMDM, interactions between DM and the SM are mediated by spin-two particles, which arise
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naturally in theories with extra dimensions or in certain effective field theory frameworks. A
key limitation of the thermal annihilation mechanism in GMDM scenarios is the constraint it
imposes on the mediator mass, which requires relatively low masses for the spin-two mediators
to ensure efficient annihilation. This limitation motivates the exploration of alternative
production mechanisms, which can relax these constraints and allow for heavier spin-two
mediators while still accommodating light DM masses.

In this paper, we investigate a new regime for GMDM characterized by a low reheating
temperature. This setup provides an alternative to the thermal relic paradigm, resulting in a
novel interplay between the properties of the dark sector and the cosmological history. We
will demonstrate that this mechanism opens up new possibilities, permitting heavier spin-two
mediators without compromising the viability of light DM particles.

This paper is organized as follows. In section 2, we introduce the GMDM framework,
while in section 3 we discuss the scenario of low reheating temperature. In section 4 we
describe the formalism to study the nucleus-Dark Matter scattering with a spin-two mediator
and discuss the latest constraints from direct detection experiments. In section 5 we discuss
the different collider signals that this model would produce and which ones are more important
for each benchmark scenario. In section 6 we present our results, highlighting the viable
parameter space and the implications for the dark sector. Finally, in section 7, we summarize
our findings and discuss future directions.

2 Review of Gravity-Mediated Dark Matter

The Gravity-Mediated Dark Matter (GMDM) [8–10] framework provides a unique perspective
on dark matter interactions with the Standard Model, where spin-two particles mediate
between these sectors. This section aims to introduce the theoretical framework of GMDM,
focusing on its realization in the context of extra-dimensional theories and its dual inter-
pretation via the AdS/CFT correspondence. Similar setups with massive spin-two particles
were considered as the mediators for dark matter [11–15].

The extra-dimensional picture offers a natural setting for GMDM, with warped geometries
such as the Randall-Sundrum model or similar setups providing the necessary structure to
localize SM and DM fields. In this framework, the KK excitations of gravitons act as
mediators between the SM and a hidden dark sector. These mediators can produce distinct
experimental signatures, particularly in colliders, while also influencing the relic abundance
and direct detection prospects for DM.

The dual picture, inspired by the AdS/CFT correspondence, complements the extra-
dimensional view by framing the strong coupling dynamics of the dark sector as a dual gravi-
tational description. This perspective not only aids in understanding the phenomenology but
also motivates the coupling hierarchies and parameter ranges that emerge in GMDM scenarios.

In this context, the spin-two mediator is called the Kaluza-Klein (KK) graviton G,
although a glueball bound state of new strong interactions would lead to the same phe-
nomenology [16, 17]

In the following subsections, we discuss the extra-dimensional realization of GMDM,
describing the localization of fields, the effective interactions, and the role of mediator
couplings. We then explore the dual interpretation, connecting the gravitational picture to a
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strongly coupled 4D theory. Together, these complementary views provide a comprehensive
foundation for understanding the unique phenomenology of GMDM.

2.1 The extra-dimensional picture

In this section, we outline the fundamentals of Gravity-mediated Dark Matter (GMDM)
within the context of extra dimensions. Consider a five-dimensional (5D) metric expressed as:

ds2 = w(z)2
(
ηµνdx

µdxν − dz2
)
, (2.1)

where z is the fifth dimension’s coordinate, and w(z) is a smooth function, either decreasing
or constant with respect to z. We focus on warped extra dimensions, a choice that will
become clearer later on. A well-known example of such warping is found in Anti-de Sitter
(AdS) models, like the Randall-Sundrum (RS) scenario [18–21], where w(z) = 1/(kz), and
k represents the curvature of the 5D spacetime. The fifth dimension is compactified in the
interval z ∈ [0, L], with 4D branes positioned at each end. A similar setup can be constructed
within a Klebanov-Strassler throat [22]. We refer to the brane located at z = 0 as the
Matter-brane and the one at L as the Dark-brane.

The effective phenomenology of these models depend on the localization of bulk fields [23–
25]. Fields can be localized on the branes, behaving effectively as four-dimensional fields, or
they can live in the full 5D bulk. However, gravity, along with its excitations, propagates
throughout the entire 5D spacetime. In our framework, the fields responsible for electroweak
symmetry breaking, such as the Higgs boson H and Dark Matter X, are localized on the
Dark-brane. Since Dark Matter’s stability and mass are tied to electroweak symmetry
breaking, it is natural for these fields to share the same localization. This setup can be
realized in models such as the composite Higgs scenario [26–28], where X could belong to
the pseudo-Goldstone sector and be protected by residual symmetries [29, 30]. Nevertheless,
in the GMDM framework, we explore general dark matter sectors, considering candidates
for scalar, vector, and fermion for X.

Meanwhile, gravity and gauge fields propagate through the bulk of the extra dimension,
exhibiting 5D dynamics. Massless gauge bosons are delocalized across the bulk with flat
profiles, while the gravity mediators, such as the Kaluza-Klein (KK) graviton and the radion,
are more localized towards the Dark-brane due to the warping effects.

Instead of proposing a particular origin for X, we focus on its general characteristics: X
is an electroweak-scale singlet under the SM and is stable due to a conserved quantum number
driven by the dynamics of the Dark-brane. As an SM singlet, X interacts with the SM solely
via gravitational interactions. The interaction between massless gravitons and any other field
is suppressed by MP , meaning the leading interactions occur through the exchange of other
gravitational fields, namely the KK massive gravitons, which we refer to as gravity mediators.

The graviton is represented by tensor fluctuations of the metric, with small perturbations
introduced into the metric in eq. (2.1):

ds2 = w(z)2
(
e−2r(ηµν +Gµν)− (1 + 2r)2dz2

)
. (2.2)

In this expression, Gµν is a 5D field that propagate in the extra dimension. We primarily focus
on the first Kaluza-Klein (KK) resonance and omit the higher modes. This simplification is
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valid as long as the higher KK modes are sufficiently separated in mass, and the processes of
interest can be represented by interactions involving the lowest KK states of the graviton or
the radion. We denote the lowest KK resonances of the graviton as Gµν(x, z) = Gµν(x)fG(z),
with fG(z) representing the wavefunctions along the extra dimension.

The interactions between the SM particles and vector dark matter X with the KK
graviton Gµν are written in terms of the energy-momentum tensor

LKK = − 1
ΛG

µνT SM
µν −

1
ΛG

µνTDM
µν (2.3)

More explicitly, the effective interactions of a massive spin-2 field, Gµν , to the SM particles
and dark matter with arbitrary spin, are given in the following [8, 9],

Leff = c1
ΛG

µν
(1
4ηµνBλρB

λρ +BµλB
λ
ν

)
+ c2

ΛG
µν
(1
4ηµνWλρW

λρ +WµλW
λ
ν

)
+ c3

ΛG
µν
(1
4ηµνgλρg

λρ + gµλg
λ
ν

)
− icψ

2ΛG
µν
(
ψ̄γµ
←→
D νψ − ηµνψ̄γρ

←→
D ρψ

)
+ cH

Λ Gµν
(
2(DµH)†DνH − ηµν

(
(DρH)†DρH − V (H)

))
+ cDM

Λ GµνTDM
µν (2.4)

where Bµν ,Wµν , gµν are the strength tensors for U(1)Y , SU(2)L, SU(3)C gauge fields, respec-
tively, ψ is the SM fermion, H is the Higgs doublet, and Λ is the cutoff scale for spin-2
interactions. We also note that ci(i = 1, 2, 3), cψ, and cH are dimensionless couplings for the
massive graviton. Depending on the spin of dark matter, s = 0, 1

2 , 1, denoted as S, χ and X,
we take into account the energy-momentum tensor for dark matter, TDM

µν , respectively,

TSµν = cS

[
∂µS∂νS −

1
2gµν∂

ρS∂ρS + 1
2gµνm

2
SS

2
]
, (2.5)

Tχµν = cχ

[
i

4 χ̄(γµ∂ν + γν∂µ)χ−
i

4(∂µχ̄γν + ∂νχ̄γµ)χ− gµν(iχ̄γµ∂µχ−mχχ̄χ)
]

+ i

2gµν∂
ρ(χ̄γρχ)

]
,

TXµν = cX

[1
4gµνX

λρXλρ +XµλX
λ
ν +m2

X

(
XµXν −

1
2gµνX

λXλ

)]
. (2.6)

The couplings of the KK graviton to the SM and dark matter fields depend on their
localization within the bulk. In the warped extra-dimension setup, TeV-brane fields have an
order one coupling, e.g. the Dark Matter coupling to gravity-mediators would be, cDM ≃ O(1).
Field associated with the breaking of electroweak symmetry (the Higgs doublet which contains
the Higgs particle and the longitudinal degrees of freedom of massive W± and Z) would
have a coupling also order 1, cH ≃ O(1).

On the other hand, fields living in the bulk would have a suppressed coupling to gravity-
mediators, dictated by the overlap of the wavefunctions in the bulk. For example, gluons and
photons (their lowest KK-modes) have a flat profile along the extra-dimension, leading to bulk
the volume suppression in their couplings, c1,2,3 ≃ 1∫Matter

Dark w(z)
dz. Other fields living in the

bulk, would have a non-flat profile leading to a smaller overlap with the gravity-mediator, and
with coupling given by cψ =

(
zMatter
zDark

)α
, with α > 1. Moreover, non-trivial boundary conditions
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of the bulk fields on the branes would lead to possible suppressions of the lowest KK modes,
further modifying the spectrum. For example, in ref. [31] this feature was used to model the
KK couplings to the Standard Model, producing an asymmetry in the CMB spectrum.

To summarise, the phenomenology of fields embedded into an extra-dimension is very
rich, and depends strongly on the geometry of the extra-dimension, localization and boundary
conditions. Nonetheless, there are some generic features one can extract, like the flatness of
gauge bosons or the quasi-localization of massive states in the bulk. In section 2.2 we will
discuss how these features have a holographic description in terms of a strongly coupled new
sector, but before moving into the dual picture, we provide two useful benchmarks which
will help us explore a range of possibilities for GMDM.

2.1.1 Coupling benchmarks

To explore the phenomenology of the GMDM scenario, we consider two distinct benchmarks
for the couplings of the spin-two mediator to Standard Model and DM fields: the universal
case and the bulk case. These benchmarks illustrate how different assumptions about the
localization of fields and the structure of the extra dimension impact the interactions between
the graviton, DM, and SM particles.

• The universal case. In the case that all SM and DM fields are localized on the 4D
TeV-brane, all couplings would be equal,

Universal case: cDM = c1,2,3 = cH = cψ (2.7)

where ψ denotes any SM fermion and the indices i =3, 2 and 1 refer to the coupling to
the gauge forces SU(3)c × SU(2)L ×U(1)Y , respectively.

• The bulk case. In this benchmark we consider models where the origin of mass may be
related to the extra-dimensional dynamics, see e.g. refs. [23, 32–41] for more details.
In this case, one can use the bulk as a way to localize fields and create hierarchies
among the couplings of the graviton to SM fields. A particularly interesting benchmark
corresponds to locating near or on the Dark Brane the DM field and the field responsible
of electroweak symmetry breaking. Massless gauge fields, if placed in the bulk, will
have a flat profile, whereas fermionic bulk fields can be localized using a bulk mass
parameter. See figure 1 for a schematic depiction of this scenario.

For concreteness, let us focus on warped AdS models. The KK-graviton G is localized
nead the Dark brane at z = L and all the other fields which are on that brane or localiized
near-by will have order one couplings to the graviton, hence

cH ≃ cDM ≃ O(1) (2.8)

where one needs to remember that, after electroweak symmetry breaking, part of the W and Z
will reside in the Higgs doublet H and will hence exhibit order one couplings to the graviton.

The gauge fields, on the other hand, will have a flat profile in the bulk and its coupling
will then be suppressed by the partial overlap of this flat profile with a graviton G localised
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Bulk Benchmark

Figure 1. Schematic depiction of the bulk benchmark scenario.

near the Dark Brane. In AdS metrics, the value of c1,2,3 can be expressed as

c = 2 1− J0(xG)
log

(
MPl
TeV

)
x2
G |J2(xG)|

, (2.9)

where xG = 3.83 is the first zero of the Bessel function J1, in the absence of localized kinetic
terms. This expression also shows the suppression by 1/ log(MP /TeV ) ∼ O(0.03).

On the other hand, fermion coupling cψ would be given by

cψ =
√

3
2

1 + 2νψ
1− e−kL(1+2νψ)

∫ 1

0
dyy2+2νψ J2(3.83y)

J2(3.83)
, (2.10)

where νψ =Mψ/k is a dimensionless mass parameter, with k being the AdS curvature and
Mψ the bulk fermion mass [23, 32–41].

When νψ = 1/2, the fermion zero mode is flat in the extra dimension, referred to as
the conformal value. For νψ > 1/2, the fermion zero-mode localizes near the Dark-brane,
while for νψ < 1/2, it localizes closer to the Matter-brane. This bulk mass parameter has
a dual interpretation in the context of partial compositeness [42]. In practice, all light
fermions will have a negligible coupling to the graviton. Hence we will just take into account
the coupling to tops.

In summary, the bulk case is characterized by:

Bulk case: cDM ≃ cH ≃ ct ≃ (kL)cg,γ ≫ cf , (2.11)

where for the typical Randall-Sundrum model one expects kL ≃ O(50). Also note that here
cf refers to the couplings to light fermions.
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2.2 The dual picture

The AdS/CFT correspondence has been extensively studied [43], highlighting a duality
between strongly coupled theories in D dimensions and a gravitational theory in D + 1
dimensions. This duality extends beyond supersymmetric or strictly conformal theories [44].
Broadly, this holographic relationship connects strongly coupled systems (the target theory)
with a higher-dimensional theory, often considered an analogue computer [45–47], offering
improved calculability.

This section discusses the holographic dual description of the model introduced earlier. In
this dual picture, the bulk of the extra dimension encodes the RG flow of the 4D Lagrangian,
with the Matter-brane and Dark-brane serving as the UV and IR boundary conditions,
respectively. Moving from the Matter-brane to the Dark-brane corresponds to integrating out
degrees of freedom. At a given position z∗, the local cutoff is related to the UV cutoff as [48]

Λ(z∗) = ω(z∗)ΛUV . (2.12)

The Dark-brane signals the confinement of a sector of the theory, leading to the appearance
of composite states (Kaluza-Klein modes) at low energies and their localization near the Dark-
brane. Conversely, fields localized on or near the Matter-brane do not strongly participate
in the dynamics near the Dark-brane and are considered elementary. Thus, the localization
of fields reflects their degree of compositeness.

Gauge fields that are de-localized (flat) in the extra dimension represent global symmetries
of the composite sector, weakly gauged by the UV dynamics [49]. These fields are mixtures
of composite and elementary components, analogous to ρ− γ mixing in QCD [50–53].

From the dual perspective, gravity mediators have a specific interpretation. Their
presence reflects the conformal symmetry of the composite sector, which is spontaneously
broken by strong dynamics.

The massive KK graviton is linked to a broken diffeomorphism invariance of the composite
sector in 4D. Without breaking, the conserved massless spin-two field θµν satisfies ∂µθµν = 0.
Breaking diffeomorphism invariance leads to ∂µθµν = aν , where aν is a massive vector field
that the spin-two field eats, forming a massive spin-two state G̃ [54–56]. The massive spin-two
field couples to particles as:

− ci
ΛG̃

G̃µν T
µν
i , (2.13)

where ΛG̃, represents the scale of spontaneous breaking of the symmetry.
In summary, the holographic dual of our warped extra-dimensional model illustrates

partial compositeness. Gravity mediator reflect the breaking of conformal symmetry at scale
Λ. Dark-brane states are fully composite, Matter-brane states are elementary, and bulk
gauge fields exhibit partial compositeness, as their gauge bosons arise from weakly gauging
global symmetries of the composite sector.

3 Dark matter freeze-in at a low temperature

In this section, we discuss the production of dark matter (DM) through freeze-in at a low
reheating temperature, a mechanism that relies on DM not being in thermal equilibrium
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with the Standard Model (SM). This scenario opens new avenues for dark matter models,
particularly those where interactions are mediated by heavy particles, such as spin-two
gravitons in the GMDM framework.

At low temperatures, the production of dark matter occurs through the Boltzmann tail of
the SM particle distribution, allowing otherwise forbidden processes to generate DM particles.
This approach is particularly relevant when the reheating temperature is much smaller than
the DM mass, as thermal equilibrium cannot be established.

We first derive the relevant Boltzmann equations governing DM production, focusing on
the contributions from annihilation processes involving SM particles. Then, we calculate the
resulting relic density for various DM candidates, including fermions, vectors, and scalars,
under the freeze-in framework. Finally, we highlight how the freeze-in mechanism depends on
the reheating temperature, interaction cross-sections, and mediator properties.

3.1 Boltzmann equations

For Dirac fermion dark matter, assuming that there is no asymmetry in the dark matter
abundance, we set nχ = nχ̄. Then, the number densities, nχ and nχ̄, are determined by
the same Boltzmann equation,

ṅχ + 3Hnχ = −⟨σv⟩χ̄χ→f̄fn
2
χ + ⟨σv⟩f̄f→χ̄χ(nf,eq)2. (3.1)

Then, the corresponding Boltzmann equation for the total number density of fermion dark
matter, nDM = nχ + nχ̄ = 2nχ, is given by

ṅDM + 3HnDM = −1
2⟨σv⟩χ̄χ→f̄fn

2
DM + 2⟨σv⟩f̄f→χ̄χ(nf,eq)2. (3.2)

Here, we considered only f̄f → χ̄χ and its inverse process, but we can include other creation
and annihilation channels for dark matter, except GG→ χ̄χ and its inverse process, which
are negligible for mG ≳ mχ. Moreover, we can recast the above Boltzmann equation to the
equation for the dark matter abundance, Y = nDM

s , with x = mχ/T , as

dY

dx
= λx−2

(
− 1

2⟨σv⟩χ̄χ→f̄fY
2 + 2⟨σv⟩f̄f→χ̄χ(Yf,eq)2

)
, (3.3)

with λ = s(mχ)/H(mχ) and s(mχ) = 2π2

45 g∗sm
3
χ and H(mχ) =

√
π2g∗

90
m2
χ

MP
.

At a low temperature, T ≪ mχ, the dark matter production, f̄f → χ̄χ, is forbidden,
so we need to rely on the Boltzmann tail of the number density of the SM particles with
Ef , Ef̄ ≳ mχ. In order to obtain the dark matter production rate in the Boltzmann equation,
we use the following detailed balance condition,

2⟨σv⟩f̄f→χ̄χ(nf,eq)2 = 1
2⟨σv⟩χ̄χ→f̄f (nDM,eq)2, (3.4)

which gives rise to

⟨σv⟩f̄f→χ̄χ = (nDM,eq)2

4n2
f,eq

⟨σv⟩χ̄χ→f̄f . (3.5)
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Thus, it is sufficient to know the annihilation cross section, ⟨σv⟩χ̄χ→f̄f , with the same total
energy, Eχ + Eχ̄ = Ef + Ef̄ , as in the production process for dark matter, f̄f → χ̄χ.

As a result, using eq. (3.5), we can rewrite eq. (3.3) as

dY

dx
= 1

2λx
−2⟨σv⟩χ̄χ→f̄f (Y

2
eq − Y 2), (3.6)

with
Yeq = 45gDM

4π4g∗s
x2K2(x). (3.7)

Here, K2(x) is the modified Bessel function of the second kind, and gDM is the number of
degrees of freedom for fermion dark matter, which is gDM = 4.

3.2 Dark matter relic density

Assuming that fermion dark matter is not in thermal equilibrium with the SM bath, we can
ignore the Y 2 term on the right-hand side of eq. (3.6). Then, parametrizing ⟨σv⟩χ̄χ→f̄f =
σ0x

−n and integrating the Boltmann equation in eq. (3.6) between xR = mχ/TRH and x =∞,
with TRH being the reheating temperature, we obtain the dark matter abundance at x =∞ as

Y∞ = 1
2σ0λ

∫ ∞

xR

dxx−n−2 Y 2
eq. (3.8)

Then, approximating K2(x) ≃
√

π
2x e

−x for x = mχ/T ≫ 1, we obtain

Y∞ ≃
π

8

(45gDM
4π4g∗s

)2(√90
π2

g∗s

g
1/2
∗

mχMPσ0

)
· e−2mχ/TRH

(
mχ

TRH

)1−n
. (3.9)

Here, we note that∫ ∞

xR

dxx−n+1 e−2x = 2−2+nΓ(2− n, 2xR) ≃
1
2 e

−2xR x1−n
R , xR ≫ 1. (3.10)

Finally, the relic density for dark matter is given by

ΩDMh
2 = 0.2745

(
Y∞

10−11

)(
mχ

100GeV

)
. (3.11)

3.3 Dark matter with other spins

When dark matter is a real vector or scalar field, we can consider the DM annihilation
processes, XX → ff̄ and SS → ff̄ . In this case, the Boltzmann equations for the number
density of dark matter, with B = X,S, are

ṅB + 3HnB = −2⟨σv⟩BB→ff̄n
2
B + 2⟨σv⟩ff̄→BB(nf,eq)2. (3.12)

We note that we can include other creation and annihilation channels for dark matter, except
GG → χ̄χ and its inverse process, which are negligible for mG ≳ mB. Then, for YB = nB

s

and x = mB/T , the above equation can be recasted into

dYB
dx

= λx−2
(
− 2⟨σv⟩BB→ff̄Y

2
B + 2⟨σv⟩ff̄→BB(Yf,eq)2

)
. (3.13)
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In this case, similarly to the case of fermion dark matter, the detailed balance condition is

⟨σv⟩BB→ff̄ (nB,eq)2 = ⟨σv⟩ff̄→BB(nf,eq)2, (3.14)

which leads to

⟨σv⟩ff̄→BB = (nB,eq)2

(nf,eq)2 ⟨σv⟩BB→ff̄ . (3.15)

Thus, eq. (3.13) can be rewritten as

dYB
dx

= 2λx−2⟨σv⟩χ̄χ→f̄f ((YB,eq)2 − Y 2
B), (3.16)

with

YB,eq = 45gB
4π4g∗s

x2K2(x) (3.17)

where gB = 3, 1 for real vector and scalar dark matter, respectively.
Therefore, ignoring the Y 2

B term in eq. (3.16) and taking ⟨σv⟩BB→ff̄ = σB x
−n, we

determine he abundance for vector or scalar dark matter by

YB,∞ = 2σBλ
∫ ∞

xR

dxx−n−2 (YB,eq)2, (3.18)

which is approximated for xR ≫ 1 as

YB,∞ ≃
π

2

( 45gB
4π4g∗s

)2(√90
π2

g∗s

g
1/2
∗

mBMPσB

)
· e−2mB/TRH

(
mB

TRH

)1−n
. (3.19)

4 Direct detection

Direct detection experiments aim to observe dark matter (DM) through its elastic scattering
off nuclei, mediated by spin-two gravitons in the Gravity-Mediated Dark Matter (GMDM)
framework. Using the results from ref. [10], the total cross-section for spin-independent elastic
scattering between dark matter and a nucleus is given by

σSIDM−A = µ2
A

π

(
ZfDM

p + (A− Z)fDM
n

)2
, (4.1)

where µA = mχmA/(mχ+mA) is the reduced mass of the DM-nucleus system, mA is the target
nucleus mass, and Z and A are the number of protons and the atomic number, respectively.
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The nucleon form factors, fDM
p and fDM

n , capture the effective couplings of DM to protons
and neutrons, respectively. These are given by the same expressions for all spins of dark matter:

fDM
p = cDMmNmDM

4m2
GΛ2

( ∑
q=u,d,s,c,b

3cq
(
q(2) + q̄(2)

)
+ 3cgG(2)

+
∑

q=u,d,s

1
3cq

(
fpTq −

2
27fTG

)
+ 11

9 cgfTG
)

≡ cpeffcDMmNmDM
4m2

GΛ2 , (4.2)

fDM
n = cDMmNmDM

4m2
GΛ2

( ∑
q=u,d,s,c,b

3cq
(
q(2) + q̄(2)

)
+ 3cgG(2)

+
∑

q=u,d,s

1
3cq

(
fnTq −

2
27fTG

)
+ 11

9 cgfTG
)

≡ cneffcDMmNmDM
4m2

GΛ2 . (4.3)

Here, DM = χ, S,X corresponds to fermion, scalar, and vector dark matter, respectively. The
effective couplings of quarks (cq) and gluons (cg) to the mediator depend on the interaction
structure in the GMDM framework. The scalar form factors for protons (fpTq) and neutrons
(fnTq) describe the contributions of light quarks (q = u, d, s) to the nucleon mass [60–62],
while the gluon contribution, fTG, accounts for the fraction of the nucleon mass arising from
the trace anomaly. Moreover, q(2), q(2) and G(2) are the second moments of the parton
distribution functions of quark, antiquark and gluon, respectively.

• The effective couplings of quarks and gluons to the mediator, cq and cg, depend on the
interaction structure in the GMDM framework. For quarks, cq is proportional to the
overlap of the mediator wavefunction with the quark wavefunction in the extra dimension.
For gluons, cg arises through higher-order loop contributions and the trace anomaly.

• The scalar form factors for protons (fpTq) and neutrons (fnTq) describe the contribution
of light quarks (q = u, d, s) to the nucleon mass:

fpTq =
⟨p|mq q̄q|p⟩

mp
, fnTq =

⟨n|mq q̄q|n⟩
mn

, (4.4)

where mp and mn are the proton and neutron masses, respectively. Experimental and
lattice QCD studies provide estimates for these factors.

• The gluon contribution, fTG, accounts for the fraction of the nucleon mass arising from
the gluon field strength via the trace anomaly:

fTG = 1−
∑

q=u,d,s
fpTq, (4.5)

for protons, with an analogous expression for neutrons.
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Note that this analysis includes the twist-2 gluon operator at tree level, as well as loop
effects from heavy quarks and gluons in the trace part, ensuring an accurate prediction
of the cross-section.

Direct detection experiments, including XENONnT [57],PandaX-4T [58], XENON1T [59,
60], LUX [61], and PandaX-II [62], etc, provide stringent constraints on σSIDM−A. These
constraints translate into bounds on cDM, cq, cg, and Λ, offering a critical test of the GMDM
framework. In this work, we impose the most strong constraint from the LZ experiment [69]
for direct detection.

5 Collider constraints

The phenomenology of spin-two mediators depends on the types of couplings they have
to Standard Model (SM) particles. As discussed in section 2, in the bulk benchmark, the
couplings exhibit a hierarchy given by:

cDM, cH , ct ≫ cg,γ ≫ cf , (5.1)

where cf refers to the couplings to light fermions. By contrast, in the TeV-brane benchmark,
all couplings are uniform.

To illustrate the collider reach, we consider two benchmark graviton masses: a relatively
light graviton with mG = 300GeV, and a significantly heavier case with mG = 5TeV. These
choices span a wide range of mediator masses, highlighting both the low- and high-energy
regimes relevant for experimental sensitivity.

The production cross section will depend on whether the graviton couples to light
quarks, as in the universal benchmark, or not. In the bulk benchmark, the main production
mechanism is through gluon fusion. We can then compute the cross section at 13 TeV, the
energy of the Run2 LHC whose data we will use to constrain the model. These productions
cross sections scale as,

σ(qq̄ → G) =
c2
q

Λ2 (TeV) 115 (0.022) pb, for mG = 300GeV (5 TeV)

σ(gg → G) =
c2
g

Λ2 (TeV) 4290 (0.017) pb, for mG = 300GeV (5 TeV). (5.2)

5.1 Limits for the benchmark with universal couplings

In the TeV-brane benchmark, the dominant production mechanism for the spin-two mediator
is through quark and gluon fusion, with the simplest detectable final state being dileptons.
For this scenario, the primary collider sensitivity comes from the process:

σ(p p→ G→ ℓ+ℓ−) = σprod(p p→ G)× BR(G→ ℓ+ℓ−)×Acc(mG), (5.3)

where Acc(mG) represents the acceptance of the analysis cuts, which depend on the kinematics
of the dilepton final state. The cross section is proportional to:(

cqcℓ
Λ2

)2
, (5.4)
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where cq and cℓ are the couplings of the mediator to quarks and leptons, respectively, and Λ
is the scale of the effective interaction. The overall production cross section will be the sum
of the quark- and gluon-initiated graviton diagrams. Denoting with c the universal coupling,
σ(pp → G) = c2

Λ2 4405 (0.04) pb for mG = 300GeV (5 TeV).
For a relatively heavy graviton, the final state leptons are expected to be back-to-back

and highly energetic, making them relatively easy to identify. However, as the graviton mass
increases further, as in the 5 TeV benchmark, charge identification may become challenging.
For example, a highly energetic muon may not curve sufficiently in the magnetic field to
allow its charge to be reliably determined. Nonetheless, even in such cases, the event can still
be triggered and the invariant mass of the system reconstructed, enabling the identification
of the heavy graviton signal. Therefore, for heavy gravitons, the acceptance of the dilepton
channel is expected to be of order one [64].

Given this high acceptance, the analysis focuses on the dependence of the cross section
on the production cross section and the branching ratio. Both are controlled by the rescaling
factors of the couplings and the mediator mass. This approach allows us to explore the
collider sensitivity to the TeV-brane benchmark in terms of these parameters, offering insights
into the detection prospects of the spin-two mediator.

Searches for resonances decaying into two opposite-sign lepton with the full LHC Run2
dataset [65] place the following 95% Cl.L. limits in the light and heavy graviton benchmarks,

σ(p p→ G)×BR(G→ ℓ+ℓ−) ≲ 2 fb, for mX = 300GeV, and
2× 10−2 fb, for mX = 5TeV. (5.5)

5.2 Limits in the bulk benchmark

In the bulk benchmark, the couplings of the graviton G to all light fermions are highly
suppressed, making gluon fusion the dominant production mechanism. Among the possible
final states, we consider pairs of gluons, photons, tops, and dibosons (W+W−, HH, ZZ).
Additionally, the graviton could decay into dark sector particles, G → XX, resulting in
monojet plus missing energy final states.

For a light graviton with mG = 300GeV, the phenomenology is dominated by diboson
searches. At this mass, the graviton is below the di-top threshold and below the typical
selection cut for dijets (typically mjj > 1TeV). While monojet and di-Higgs analyses could
also probe this scenario, diboson and diphoton searches provide greater sensitivity. Given
that the graviton’s couplings to W and Z bosons are larger than its coupling to photons,
diboson searches are the most effective channel for setting limits in this low-mass scenario.
In ref. [66], a search for a so-called bulk graviton was done in both the gluon-fusion (ggF)
and vector boson fusion channels (VBF), leading to a limit at 95% C.L. of

σ(p p→ G)×BR(G→ V V ) ≲ 400 fb, for mX = 300GeV, (5.6)

where the VBF channel is the one providing the stringest bound in this case. Other diboson
channels, like di-Higgs [67], could become competitive with Run3 data.

For a heavier graviton with mG = 5TeV, the tt̄ final state becomes kinematically accessible,
and the dijet final state surpasses the initial selection cut on mjj . In this high-mass regime,
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Figure 2. Parameter space for the correct relic density with weak-scale massive graviton and vector
dark matter. M∗ denotes the effective cutoff scale, given by M∗ ≡

√
ΛmG. We took mG = 300GeV and

the universal and bulk cases are taken on left and right plots, respectively. The gray region is excluded
by LZ experiment with DM-nucleus elastic scattering [69], and the regions above the green lines are
excluded by the l+l− (diboson) searches at the LHC in the left (right) plot. The DM annihilation
rate is larger than the Hubble expansion rate in purple, so the DM couplings required for the correct
relic density are subject to small corrections, as compared to those in the approximate results.

the dijet channel emerges as the most sensitive probe, benefiting from a straightforward final
state and robust acceptance, even as the events become increasingly energetic. In contrast,
other channels suffer from a degradation of acceptance due to the highly collimated nature
of final states, which challenges isolation criteria. Therefore, in this high-mass scenario, we
focus primarily on the dijet final state to assess collider constraints. The current limits from
the full Run2 LHC dataset [68] are of the order of

σ(p p→ G)×BR(G→ j j) ≲ 6 fb, for mX = 5TeV, (5.7)

with X denoting a gluon-gluon resonance, as it is the case for the bulk graviton in our
benchmark.

6 Results

In this section, we present the results of our analysis, focusing on three pairs of plots that
illustrate the interplay between relic abundance, direct detection constraints, and collider
constraints for different scenarios. These plots demonstrate the viability of the Gravity-
Mediated Dark Matter (GMDM) model across various parameter spaces, highlighting both
its strengths and its differences from the traditional thermal WIMP paradigm.

Light graviton scenario . The first pair of plots, figure 2, corresponds to the light graviton
scenario (mG = 300GeV) and compares the two coupling benchmarks: the universal coupling
case and the bulk benchmark. These plots show the ratio mDM/Λ on as a function of the
mass of the dark matter particle (mDM).
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Figure 3. Parameter space for the correct relic density with heavy graviton and vector dark matter.
We took mG = 5TeV. The color codes are the same as in figure 2, except that the region above the
green line in the left plot is excluded by the l+l− searches at the LHC.

The allowed region for the correct relic abundance is represented as a shaded band,
while direct detection constraints exclude certain regions of parameter space (shown in gray).
Collider constraints are overlaid as exclusion contours based on current limits (in green). For
the bulk benchmark, the hierarchy of couplings reduces direct detection sensitivity, opening
a larger viable region compared to the universal coupling case. Both plots demonstrate
that the light graviton scenario allows for a substantial region of parameter space where
all constraints are satisfied.

Heavy graviton scenario. The second pair of plots focuses on the heavy graviton scenario
(mG = 5TeV) for the same coupling benchmarks, see figure 3. These plots again feature the
ratio mDM/Λ on as a function of the mass of the dark matter particle (mDM), with the same
regions for relic abundance, direct detection constraints, and collider constraints.

In both figures 2 and 3, it is remarkable that the purple regions show that the DM
annihilation rate is larger than the Hubble expansion rate near the resonance with the massive
graviton, so the backreaction effect due to the DM annihilation cannot be ignored. Even in
this case, the corrections due to the DM annihilations to the relic density are mild [1–4, 6, 7],
and the bulk region with relatively light dark matter is still viable.

In this scenario, the direct detection limits are weaker due to the suppression of medi-
ator interactions at low momentum transfer, particularly in the bulk benchmark. Collider
constraints, dominated by the dijet channel, play a more significant role in constraining
the parameter space. The results indicate that a large viable region remains where relic
abundance, direct detection, and collider constraints are simultaneously satisfied.

Comparison with the thermal WIMP scenario. The third pair of plots, figure 4,
provides a comparison between the non-thermal GMDM scenarios and the thermal WIMP
paradigm which was studied by us in the GMDM case [8, 9]. For the thermal WIMP case, the
relic abundance constraint conflicts significantly with direct detection limits from LZ, leading
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Figure 4. Parameter space for the correct relic density with WIMP dark matter of different spins.
M∗ denotes the effective cutoff scale, given by M∗ ≡

√
ΛmG. The gray region is excluded by LZ

experiment with DM-nucleus elastic scattering [69].

to the exclusion of most of the parameter space in both universal and bulk benchmarks. In
contrast, as we have seen in figures 2 and 3, both the light and heavy graviton non-thermal
scenarios exhibit large allowed regions, showcasing the strength of the GMDM framework
in evading these tensions.

These results demonstrate that the GMDM paradigm, whether with light or heavy
gravitons, offers a compelling alternative to the thermal WIMP scenario. The large parameter
space allowed by all constraints highlights the robustness of this framework, particularly in
the bulk benchmark, where collider constraints and relic abundance are naturally satisfied
with minimal tension from direct detection limits.

7 Conclusions

In this work, we have analyzed the Gravity-Mediated Dark Matter (GMDM) scenario, focusing
on the interactions between spin-two mediators, the Standard Model (SM), and dark matter
(DM) in a non-thermal production framework. We considered both light and heavy graviton
benchmarks, as well as two distinct coupling structures: the universal and bulk scenarios.
Our study examined the interplay between relic abundance, direct detection, and collider
constraints, providing a comprehensive overview of the parameter space.

Our results demonstrate that both the light graviton (mG = 300GeV) and heavy graviton
(mG = 5TeV) scenarios offer substantial regions of parameter space where the correct relic
abundance is achieved while satisfying current experimental constraints. In the bulk bench-
mark, where couplings to light fermions are suppressed, direct detection constraints are less
stringent, allowing for a larger viable parameter space compared to the universal benchmark.

The collider sensitivity varies significantly with the graviton mass. For light gravitons,
diboson and diphoton searches provide the most stringent constraints, while for heavy
gravitons, dijet searches dominate. Despite these constraints, viable parameter regions persist
in both cases, demonstrating the robustness of the GMDM framework.
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A comparison with the thermal WIMP paradigm shows the advantages of the non-thermal
production mechanisms explored in this study. While the thermal WIMP scenario is excluded
due to conflicting relic abundance and direct detection constraints, the non-thermal GMDM
framework avoids these issues and remains a viable explanation for dark matter.

This work highlights the potential of GMDM as an alternative to the thermal relic
paradigm, offering greater flexibility in accommodating experimental data. The non-thermal
framework expands the scope of dark matter model building by relaxing the constraints
imposed by thermal equilibrium. Future studies could extend this analysis to explore other
production mechanisms, mediator mass ranges, and coupling structures, as well as incorporate
refined experimental constraints as new data becomes available.
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A DM annihilation cross sections

We list the annihilation cross sections for non-relativistic dark matter with different spins
before thermal average. Parametrizing the leading annihilation cross section by (σv) = σnv

2n,
where n = 0, 1, 2 for s-wave, p-wave and d-wave, respectively, we obtain the thermal averaged
cross section as ⟨σv⟩ = 2n(2n+ 1)!!σnx−n. So, we get ⟨σv⟩ = σ0, 6σ1x

−1 and 60σ2x
−2, for

s-wave, p-wave and d-wave, respectively,

Scalar dark matter. The annihilation cross section for scalar dark matter into a pair of
SM fermions, SS → ψψ̄, is given [8, 9] by

(σv)SS→ψψ̄ = v4 ·
Ncc

2
Sc

2
ψ

360πΛ4
m6
S

(m2
G − 4m2

S)2

(
1−

m2
ψ

m2
S

) 3
2
(
3 +

2m2
ψ

m2
S

)
(A.1)

where Nc is the number of colors for the SM fermion ψ.
For mS > mG, scalar dark matter can also annihilate into a pair of spin-2 particles through

the t/u-channels [8, 9, 70], so the corresponding annihilation cross section is given, as follows,

(σv)SS→GG = 4c4
Sm

2
S

9πΛ4
(1− rS)

9
2

r4
S(2− rS)2 (A.2)

with rS =
(
mG
mS

)2
.
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The annihilation cross sections into a pair of massless gauge bosons [8, 9] are

(σv)SS→γγ = v4 ·
c2
Sc

2
γ

60πΛ4
m6
S

(4m2
S −m2

G)2 + Γ2
Gm

2
G

, (A.3)

(σv)SS→gg = v4 ·
2c2
Sc

2
g

15πΛ4
m6
S

(4m2
S −m2

G)2 + Γ2
Gm

2
G

. (A.4)

The annihilation cross section of scalar dark matter annihilating into a pair of Higgs
bosons [8, 9] is

(σv)SS→hh ≃ v4 · c2
Sc

2
H

720πΛ4
m6
S

(4m2
S −m2

G)2 + Γ2
Gm

2
G

(
1− m2

h

m2
S

) 5
2

. (A.5)

The annihilation cross sections of scalar dark matter into a pair of massive gauge bosons are

(σv)SS→ZZ = 3c2
S(cV − cH)2

16πΛ4
m2
Sm

4
Z

(4m2
S −m2

G)2 + Γ2
Gm

2
G

(
1− 4m2

S

m2
G

)2(
1− m2

Z

m2
S

) 1
2

, (A.6)

(σv)SS→WW = 3c2
S(cV − cH)2

8πΛ4
m2
Sm

4
W

(4m2
S −m2

G)2 + Γ2
Gm

2
G

(
1− 4m2

S

m2
G

)2(
1− m2

Z

m2
S

) 1
2

. (A.7)

For cH = cV , both s-wave and p-wave components are zero and the annihilation cross section
becomes d-wave as

(σv)SS→ZZ = v4 · c2
Sc

2
V

720πΛ4
m6
S

(4m2
S −m2

G)2 + Γ2
Gm

2
G

(
1− m2

Z

m2
S

) 1
2
(
13 + 14m2

Z

m2
S

+ 3m4
Z

m4
S

)
,

(A.8)

(σv)SS→WW = v4 · c2
Sc

2
V

360πΛ4
m6
S

(4m2
S −m2

G)2 + Γ2
Gm

2
G

(
1− m2

W

m2
S

) 1
2
(
13 + 14m2

W

m2
S

+ 3m4
W

m4
S

)
.

(A.9)

Fermion dark matter. The annihilation cross section for fermion dark matter, χχ̄→ ψψ̄,
is given [8, 9] by

(σv)χχ̄→ψψ̄ = v2 ·
Ncc

2
χc

2
ψ

72πΛ4
m6
χ

(4m2
χ −m2

G)2 + Γ2
Gm

2
G

(
1−

m2
ψ

m2
χ

) 3
2
(
3 +

2m2
ψ

m2
χ

)
. (A.10)

For mχ > mG, fermion dark matter also annihilates into a pair of spin-2 particles through
to the t/u-channels [8, 9, 70], as follows,

(σv)χχ̄→GG =
c4
χm

2
χ

16πΛ4
(1− rχ)

7
2

r2
χ(2− rχ)2 (A.11)

with rχ =
(
mG
mχ

)2
.

– 18 –



J
H
E
P
0
5
(
2
0
2
5
)
1
2
6

The annihilation cross sections into a pair of massless gauge bosons and a pair of
mesons [8, 9] are

(σv)χχ̄→γγ = v2 ·
c2
χc

2
γ

12πΛ4
m6
χ

(4m2
χ −m2

G)2 + Γ2
Gm

2
G

, (A.12)

(σv)χχ̄→gg = v2 ·
2c2
χc

2
g

3πΛ4
m6
χ

(4m2
χ −m2

G)2 + Γ2
Gm

2
G

. (A.13)

The annihilation cross section of fermion dark matter annihilating to a pair of Higgs
bosons is

(σv)χχ̄→hh = v2 ·
c2
χc

2
H

144πΛ4
m6
χ

(4m2
χ −m2

G)2 + Γ2
Gm

2
G

(
1− m2

h

m2
χ

) 5
2

. (A.14)

The annihilation cross sections for fermion dark matter going into a pair of massive gauge
bosons are

(σv)χχ̄→ZZ = v2 ·
c2
χc

2
V

144πΛ4
m6
χ

(m2
G − 4m2

χ)2 + Γ2
Gm

2
G

(
1− m2

Z

m2
χ

) 1
2

×
[(

13 + 14m2
Z

m2
χ

+ 3m4
Z

m4
χ

)
− 2

(
1− cH

cV

)(
1 + 13m2

Z

m2
χ

+ m4
Z

m4
χ

)

+
(
1− cH

cV

)2
{
1 + 3m2

Z

m2
χ

+ 31
8
m4
Z

m4
χ

− 3m4
Z

m2
Gm

2
χ

+ 6m4
Z

m4
G

}]
, (A.15)

(σv)χχ̄→WW = v2 ·
c2
χc

2
V

72πΛ4
m6
χ

(m2
G − 4m2

χ)2 + Γ2
Gm

2
G

(
1− m2

W

m2
χ

) 1
2

×
[(

13 + 14m2
W

m2
χ

+ 3m4
W

m4
χ

)
− 2

(
1− cH

cV

)(
1 + 13m2

W

m2
χ

+ m4
W

m4
χ

)

+
(
1− cH

cV

)2
{
1 + 3m2

W

m2
χ

+ 31
8
m4
W

m4
χ

− 3m4
W

m2
Gm

2
χ

+ 6m4
W

m4
G

}]
. (A.16)

For cH = cV , the above annihilation cross sections become

(σv)χχ̄→ZZ = v2 ·
c2
χc

2
V

144πΛ4
m6
χ

(4m2
χ −m2

G)2 + Γ2
Gm

2
G

(
13 + 14m2

Z

m2
χ

+ 3m4
Z

m4
χ

)(
1− m2

Z

m2
χ

) 1
2

,

(A.17)

(σv)χχ̄→WW = v2 ·
c2
χc

2
V

72πΛ4
m6
χ

(4m2
χ −m2

G)2 + Γ2
Gm

2
G

(
13 + 14m2

W

m2
χ

+ 3m4
W

m4
χ

)(
1− m2

W

m2
χ

) 1
2

.

(A.18)

Vector dark matter. The annihilation cross section for vector dark matter, XX → ψψ̄,
is given [8, 9] by

(σv)XX→ψψ̄ =
4Ncc

2
Xc

2
ψ

27πΛ4
m6
X

(4m2
X −m2

G)2 + Γ2
Gm

2
G

(
3 +

2m2
ψ

m2
X

)(
1−

m2
ψ

m2
X

) 3
2

. (A.19)
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For mX > mG, vector dark matter also annihilates into a pair of spin-2 particles through
the t/u-channels [8, 9, 70], as follows,

(σv)XX→GG = c4
Xm

2
X

324πΛ4

√
1− rX

r4
X(2− rX)2

(
176 + 192rX + 1404r2

X − 3108r3
X

+ 1105r4
X + 362r5

X + 34r6
X

)
(A.20)

with rX =
(
mG
mX

)2
.

The annihilation cross sections into a pair of massless gauge bosons and a pair of
mesons [8, 9] are

(σv)XX→γγ =
8c2
Xc

2
γ

9πΛ4
m6
X

(4m2
X −m2

G)2 + Γ2
Gm

2
G

, (A.21)

(σv)XX→gg =
64c2

Xc
2
g

9πΛ4
m6
X

(4m2
X −m2

G)2 + Γ2
Gm

2
G

. (A.22)

The annihilation cross section of vector dark matter annihilating into a pair of Higgs
bosons is

(σv)XX→hh = 2c2
Xc

2
H

27πΛ4
m6
X

(4m2
X −m2

G)2 + Γ2
Gm

2
G

(
1− m2

h

m2
X

) 5
2

. (A.23)

The annihilation cross sections for vector dark matter going into a pair of massive gauge
bosons are

(σv)XX→ZZ = 2c2
Xc

2
V

27πΛ4
m6
X

(m2
G − 4m2

X)2 + Γ2
Gm

2
G

(
1− m2

Z

m2
X

) 1
2

×
[(

13 + 14m2
Z

m2
X

+ 3m4
Z

m4
X

)
− 2

(
1− cH

cV

)(
1 + 13m2

Z

m2
X

+ m4
Z

m4
X

)

+
(
1− cH

cV

)2
{
1 + 3m2

Z

m2
X

+ 115
32

m4
Z

m4
X

− 3
4

m4
Z

m2
Gm

2
X

+ 3
2
m4
Z

m4
G

}]
, (A.24)

(σv)XX→WW = 4c2
Xc

2
V

27πΛ4
m6
X

(m2
G − 4m2

X)2 + Γ2
Gm

2
G

(
1− m2

W

m2
X

) 1
2

×
[(

13 + 14m2
W

m2
X

+ 3m4
W

m4
X

)
− 2

(
1− cH

cV

)(
1 + 13m2

W

m2
X

+ m4
W

m4
X

)

+
(
1− cH

cV

)2
{
1 + 3m2

W

m2
X

+ 115
32

m4
W

m4
X

− 3
4

m4
W

m2
Gm

2
X

+ 3
2
m4
W

m4
G

}]
. (A.25)

For cH = cV , the above annihilation cross sections become

(σv)XX→ZZ = 2c2
Xc

2
V

27πΛ4
m6
X

(m2
G−4m2

X)2+Γ2
Gm

2
G

(
13+14m2

Z

m2
X

+3m4
Z

m4
X

)(
1−m

2
Z

m2
X

) 1
2

, (A.26)

(σv)XX→WW = 4c2
Xc

2
V

27πΛ4
m6
X

(m2
G−4m2

X)2+Γ2
Gm

2
G

(
13+14m2

W

m2
X

+3m4
W

m4
X

)(
1−m

2
W

m2
X

) 1
2

. (A.27)
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B Graviton’s partial widths

In this appendix, we show the analytical expressions of the KK graviton decay rates, as
were discussed in refs. [8, 9].

The partial width to two Higgs particles is given by,

Γ(G→ hh) = c2
Hm

3
G

960πΛ2

(
1− 4m2

h

m2
G

) 5
2

. (B.1)

whereas the width to two massive vector bosons receives contributions from the coupling
to the gauge field cV and to the Higgs doublet cH where both transverse and longitudinal
degrees of freedom can contribute,

Γ(G→ ZZ) = m3
G

960πΛ2

[
c2
H

(
1 + 12m2

Z

m2
G

+ 56m4
Z

m4
G

)
+ 80cV cH

(
1− m2

Z

m2
G

)
m2
Z

m2
G

+ 12c2
V

(
1− 3m2

Z

m2
G

+ 6m4
Z

m4
G

)](
1− 4m2

Z

m2
G

) 1
2

, (B.2)

Γ(G→WW ) = m3
G

480πΛ2

[
c2
H

(
1 + 12m2

W

m2
G

+ 56m4
W

m4
G

)
+ 80cV cH

(
1− m2

W

m2
G

)
m2
W

m2
G

+ 12c2
V

(
1− 3m2

W

m2
G

+ 6m4
W

m4
G

)](
1− 4m2

W

m2
G

) 1
2

. (B.3)

When cV = cH (Universal Benchmark), the decay rates into a pair of massive gauge
bosons simplify to

Γ(G→ ZZ) = c2
Vm

3
G

960πΛ2

(
1− 4m2

Z

m2
G

) 1
2
(
13 + 56m2

Z

m2
G

+ 48m4
Z

m4
G

)
, (B.4)

Γ(G→WW ) = c2
Vm

3
G

480πΛ2

(
1− 4m2

W

m2
G

) 1
2
(
13 + 56m2

W

m2
G

+ 48m4
W

m4
G

)
. (B.5)

The Graviton’s width to massless gauge bosons (photons and gluons) is as follows,

Γ(G→ γγ) =
c2
γm

3
G

80πΛ2 , (B.6)

Γ(G→ gg) =
c2
gm

3
G

10πΛ2 . (B.7)

And finally, the widths to a pair of DM scalars, fermions or gauge bosons, are given by

Γ(G→ SS) = c2
Sm

3
G

960πΛ2

(
1− 4m2

S

m2
G

) 5
2

, (B.8)

Γ(G→ χχ̄) =
c2
χm

3
G

160πΛ2

(
1−

4m2
χ

m2
G

) 3
2
(
1 + 8

3
m2
χ

m2
G

)
, (B.9)

Γ(G→ XX) = c2
Xm

3
G

960πΛ2

(
1− 4m2

X

m2
G

) 1
2
(
13 + 56m2

X

m2
G

+ 48m4
X

m4
G

)
. (B.10)
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