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Within the framework of the extra-dimensional Randall-Sundrum setup, we investigate the freeze-in
production of Standard Model (SM) gauge-singlet scalar, fermionic, and massive vector dark matter (DM).
Assuming that both the DM and SM fields reside on the IR brane and interact solely through the graviton
and radion portal, we demonstrate that the Planck-observed DM relic abundance can be achieved across a
wide range of reheating temperatures, all while naturally addressing the hierarchy problem, satisfying
constraints from collider and early Universe cosmology. We further show that the same setup can
accommodate TeV-scale leptogenesis capable of generating the observed baryon asymmetry of the
Universe. Interestingly, we find that current graviton searches at the Large Hadron Collider already impose
strong constraints on the reheating temperature in this scenario, providing a complementarity between
cosmological and collider probes.
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I. INTRODUCTION

Despite the overwhelming astrophysical and cosmologi-
cal evidence for the existence of dark matter (DM) [1,2], its
particle nature and its interactions with the Standard Model
(SM) remain among the most profound open questions. To
date, the presence of this elusive component has only been
inferred from its gravitational effects. It is conceivable that
DM interacts solely through gravity and remains com-
pletely inaccessible to present or future particle physics
experiments. In such a case, reproducing the observed DM
relic abundance purely through gravitational production
would require a very high reheating temperature [3–10]
because the strength of gravity is set by the large Planck
mass. This inference, however, applies only if the Universe
is strictly four dimensional. In the presence of extra
dimensions, gravitational interactions can be significantly
enhanced at short distance either because the fundamental
Planck scale in D dimensions is much lower than MP as in
the case of large extra dimensions (LED) [11–14] or due to

a warped geometry that induces a much smaller effective
coupling on our four-dimensional brane, as in the Randall-
Sundrum (RS) models [15,16]. These features have long
been invoked as possible solutions to the hierarchy prob-
lem, which refers to the puzzling gap between the electro-
weak scale and the Planck scale, whose large value would
otherwise induce Planck-scale corrections to the Higgs
mass. Without an enormous amount of fine-tuning or the
unlikely assumption that the SM is the ultimate theory,
these corrections would destabilize the observed Higgs
mass. In such models, either lowering the effective Planck
scale or via a direct warping of the bare mass parameters on
the (3þ 1) dimensional brane, the Higgs mass hierarchy
problem can be resolved. Furthermore, in these models, the
effective coupling of the matter fields with the higher
excited Kaluza-Klein modes of graviton acquire an
enhancement with respect to the massless graviton. This,
in turn, reinforces observational prominence of these
models in the ongoing collider experiments. As a result,
a DM particle interacting only through gravity could
behave like a weakly interacting massive particle
(WIMP) with a typical mass in the 100–1000 GeV range
and a relic abundance set by thermal freeze-out. This
possibility has been extensively studied within the RS
models [17–26] as well as in several recent works inves-
tigating generic spin-2 mediators [27–30].1 However,
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1For completeness, let us also mention the recent studies on
DM freeze-out in the context of RS model with 3-branes,
performed in, for example, Refs. [31,32].
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recent advances in WIMP search experiments have placed
severe constraints on the WIMP paradigm [33,34], thereby
motivating alternative mechanisms for DM production.
One well-studied alternative is the feebly interacting
massive particle (FIMP) framework, in which DM is pro-
duced from the decay or annihilation of visible-sector
particles in the early Universe. As the temperature of the
SM plasma (the radiation bath) drops below the relevant
interaction scale, DM production becomes Boltzmann sup-
pressed, leading to a constant comoving number density.
This process is known as freeze-in [35–38]. The FIMP
framework requires extremely suppressed interactions
between the dark and visible sectors to ensure nonthermal
production. Such interactions can originate from either small
infrared couplings or higher-dimensional nonrenormalizable
operators suppressed by a large new-physics scale, as in the
ultraviolet (UV) freeze-in mechanism [37,39].
On the other hand, observations from two independent

cosmological probes, the cosmic microwave background
(CMB) [40] and big bang nucleosynthesis (BBN) [41–43],
confirm that the visible (baryonic) matter in the Universe is
asymmetric. Explaining this baryon asymmetry poses a
fundamental challenge in particle physics. According to
Sakharov’s conditions [44], three key ingredients are
required for the dynamical generation of such an asymmetry:
(i) baryon number violation, (ii) violation of C and CP
symmetries, and (iii) departure from thermal equilibrium.
Although the SM contains these elements in principle, they
are insufficient to account for the observed magnitude of the
asymmetry, motivating the need for new physics beyond the
SM. A particularly compelling explanation is leptogenesis
[45], which generates the baryon asymmetry of the Universe
(BAU) via the asymmetry generated in the lepton sector. In
this framework, a lepton asymmetry is first produced and
subsequently converted into a baryon asymmetry through
(Bþ L)-violating electroweak sphaleron transitions [46].
When implemented in the Type-I seesaw mechanism—
originally proposed to explain the origin of neutrino
masses [47–51]—the complex Yukawa couplings of heavy
right-handed neutrinos (RHNs) with SM leptons and Higgs
doublets provide the requiredCP violation. The expansion of
the Universe (quantified by the Hubble rate) drives the RHN
decays out of thermal equilibrium, while their Majorana
masses violate the lepton number. In the standard thermal
leptogenesis scenario (for a review, see Ref. [52]), RHNs are
thermally produced from the SM plasma. A lower bound on
their masses, known as the Davidson-Ibarra bound, imposes
a constraint on the reheating temperature, requiring
Trh ≳ 109 GeV [53]. Once produced, their out-of-equilib-
rium decays can successfully generate the observed matter–
antimatter asymmetry of the Universe.
Motivated from these, in this work, we explore a

framework where both DM and the BAU are generated
in the context of a warped RS geometry (Fig. 1 shows a
schematic). To ensure that the hierarchy problem remains

addressed, we restrict the DM mass to the TeV scale and
consider three possible spin assignments for the DM
candidate: a scalar, a Majorana fermion, or a massive
gauge boson. Depending on the DM mass, the observed
relic abundance can be achieved for reheating temperatures
as low as Trh ≲ 105 GeV, while remaining consistent with
existing cosmological and collider constraints. In the same
framework, the production of right-handed neutrinos
(RHNs) via scatterings of thermal bath particles (via radion
and graviton mediation) can generate the required matter–
antimatter asymmetry through their CP-violating out of
equilibrium decay. Remarkably, the warping-induced cor-
rections to their Majorana masses naturally enable lepto-
genesis to occur at the TeV scale. Overall, this framework
provides a TeV-scale leptogenesis scenario that simulta-
neously explains observed DM abundance and points
toward the existence of warped extra dimensions. We
would like to highlight that the present study differs from
earlier works in several ways. For instance, in [54], the
resolution of the hierarchy problem plays a comparatively
secondary role, while the authors mostly focus on DM
production mechanisms. In contrast, we treat the hierarchy
issue as central and delineate the region of parameter space
where both the hierarchy problem and either the correct
DM relic density or successful baryogenesis are simulta-
neously addressed. Moreover, Ref. [54] does not examine
the implications for leptogenesis, which we incorporate in
our analysis. Freeze-in production of DM via Kaluza-Klein
(KK) graviton [in the context of both LED and warped
extra dimensions in the RS model] decay has been studied
in Ref. [55], where the focus lies on generating warm DM
from the decay of heavy, long-lived KK modes. In contrast,
in our framework, the KK-gravitons act primarily as portals
mediating interactions between the SM and the DM sector.
The paper is organized as follows. We present the model

setup in Sec. II. The dynamics of DM production is
elaborated in Sec. III, followed by the discussion on
baryogenesis via leptogenesis in Sec. V. Finally, we
conclude in Sec. VI.

II. THE SETUP

We consider the minimal RS setup following [15,16].
This involves S1=Z2 orbifolding with two 3-branes at

FIG. 1. Schematic diagram showing our scenario. Only grav-
iton is capable of accessing the bulk. This figure is generated
using online math editor mathcha.io.
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ϕ ¼ 0 and ϕ ¼ π. The bulk cosmological constant and
brane tensions generate a nonfactorizable metric,

ds2 ¼ e−2krcjϕjημνdxμdxν − r2cdϕ2; ð1Þ

where k ∼M, and rc sets the size of the fifth dimension.
The effective four-dimensional Planck scale is

M2
P ¼ M3

k
ð1 − e−2krcπÞ; ð2Þ

whereM is the fundamental Planck scale. For krc ≃ 11–12,
this generates the weak scale dynamically from a funda-
mental Planckian scale via the warp factor e−krcπ. A generic
prediction of the model is TeV-scale Kaluza-Klein excita-
tions of bulk fields, including the graviton, with couplings
suppressed at the TeV scale.

A. Introducing the radion

In this section, we briefly review the origin of the radion
in the RS framework. In the original RS setup, a massless
scalar degree of freedom naturally appears in the four-
dimensional effective theory. This scalar, known as the
radion, corresponds to fluctuations of the compactification
radius rc in Eq. (1) and couples to matter with TeV-scale
strength. Allowing the size of the extra dimension to
fluctuate, the RS metric can be written as

ds2 ¼ e−2kTðxÞjϕjgμνðxÞdxμdxν − T2ðxÞdϕ2; ð3Þ

where the fixed radius rc is promoted to a dynamical field
TðxÞ, with vacuum expectation value hTi ¼ rc [56].
Defining

φ ¼ f expð−kπTÞ; f ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
24M3

k

r
; ð4Þ

it was shown in Ref. [56] that the original RS model does
not naturally generate a stabilizing potential for this
modulus field. To stabilize the extra dimensional radius,
Goldberger and Wise introduced a massive bulk scalar field
Φ with mass m, along with localized potentials on the
hidden and visible branes characterized by boundary values
vhid and vvis, respectively [57]. This mechanism generates
an effective potential for the four-dimensional radion field,

VðφÞ¼ k3φ
144M6

½vvis−vhidðφ=fÞϵ�2; ϵ≡ m2

4k2
≪ 1; ð5Þ

where terms of order OðϵÞ have been neglected [56]. For a
detailed discussion of the stabilization mechanism, we refer
the reader to Ref. [57].
A few comments are useful here regarding the low-

energy scalar spectrum. In a generic five-dimensional
Kaluza-Klein (KK) theory, the metric decomposes into a

four-dimensional graviton gð4Þμν , a graviphoton Að4Þ
μ , and a

graviscalar φ, corresponding, respectively, to the tensor,
vector, and scalar components of the higher-dimensional
metric. In the stabilized RS framework, the Goldberger-

Wise scalar Φ mixes with the graviscalar mode gð5Þ44 .
However, the KK graviphoton modes become massive
by absorbing the graviscalar KK tower, removing these
scalar KK excitations from the low-energy spectrum.
Meanwhile, the KK excitations of the stabilizing field Φ
are typically much heavier and therefore phenomenologi-
cally irrelevant at low energies. As a result, the low-energy
theory contains a single light scalar state arising from the
combination of the zeroth modes of Φ and the graviscalar.
Expanding the radion field around its vacuum expectation
value,

φ ¼ hφi þ δφ≡ Λr þ rðxÞ; ð6Þ

one identifies rðxÞ as the physical radion field, while Λr ≡
hφi sets the scale of radion interactions. The radion mass is
then obtained from Eq. (5),

m2
r ¼ k2v2vis

�
2ϵ2e−2πkrc

3M3

�
: ð7Þ

An important feature is that the radion can naturally be
much lighter than the first KK graviton excitation. We also
note that both the bulk scalar field Φ and the brane
parameter vvis carry mass dimension 3=2.

B. Radion interactions with the SM

We assume that the SM fields are located on the 4D
brane. Therefore, to start with, we consider the five-
dimensional gravitational action together with the
(3þ 1) dimensional brane action in the RS scenario. We
derive the corresponding effective four-dimensional action,
allowing up to the first order of the perturbative expansion
of φ as follows:

Srad−SM ⊃
Z

d4x
ffiffiffiffiffiffi
−g

p �
4rffiffiffi
6

p
Λr

��
−
1

2
ðDμHÞ†ðDμHÞ

þ μ2H†H − λðH†HÞ2 −mψ ψ̄ψ

−
yψffiffiffi
2

p fψ̄LhðxÞψR þ ψ̄RhðxÞψLg
�
: ð8Þ

In the above,H ¼ ð0 h=
ffiffiffi
2

p ÞT is the SM Higgs field in the
unitary gauge, and ψ’s are the SM fermions, with LðRÞ
representing their left (right) chirality. The covariant deriva-
tive is defined as Dμ ¼ ∂μ − ðig2=2ÞσaWa

μ − ðig1=2ÞBμ,
where g2ð1Þ are the gauge couplings along with the gauge
bosons WðBÞμ’s corresponding to SUð2ÞL and Uð1ÞY ,
respectively, and σ’s are the Pauli spin matrices. Further,
the induced metric on the visible and hidden brane can be
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written as gvisμν ðxμÞ≡ e−kTðxÞπgμν and ghidμν ðxμÞ≡ gμν, respec-
tively. On the visible brane,

Λr ¼ MPe−krcπ; ð9Þ

with the redefined Higgs mass as

μ → μ0e−krcπ; ð10Þ

to ensure that the kinetic term remains canonical. For μ0 ∼
OðMPÞ and krc ∼Oð10Þ, the physical mass μ is of the order
of weak scale, thereby solving the issue of gauge hierarchy
problem, which refers to the vast disparity between theweak
scale and the Planck scale. This also implies, for krc ∼ 10,
Λr ∼ 10 TeV. The kinetic sector of the gauge field has no
interaction with radion. One can write the action in Eq. (8) in
a more compact form [58–60],

Srad−SM ⊃
Z

d4x
ffiffiffiffiffiffi
−g

p �
rffiffiffi
6

p
Λr

�
Tα
α

����
SM

; ð11Þ

where Tα
αjSM denotes the trace of the energy momentum

tensor for all the SM fields.2

C. Radion interactions with bosonic DM

In order to explain the DM abundance, we extend the SM
particle content by first adding a singlet scalar S, odd under
some ad hoc Z2 symmetry that ensures its stability. We
consider, for now, the DM fields are located on the 4D
brane, similar to the SM fields. Thus, the interaction
Lagrangian can be written as follows:

LS ⊃
1

2
∂μS∂μS −

1

2
m2

SS
2 −

λp
2
S2jHj2 − λS

4
S4; ð12Þ

where the term proportional to λp corresponds to the Higgs
portal interaction, while the last term gives rise to DM
self-interaction. In the following analysis, we consider
the Higgs portal interaction term S2jHj2 and the self-
interactions S4 terms are absent by construction. Under
such conditions and starting from the action of the singlet S
on the (3þ 1) dimensional brane, we find the action
corresponding to the interaction of the DM S and the
radion as below,

Srad−S ⊃
Z

d4x
ffiffiffiffiffiffi
−g

p rffiffiffi
6

p
Λr

½−∂μS∂μSþ 2m2
SS

2�: ð13Þ

Note that, even in the absence of the Higgs portal, the DM
can still interact with the visible sector, thanks to the radion
mediation.
Similar to the case of scalar DM, one can imagine a

massive spin-1 DM Xμ with the following Lagrangian:

LX ⊃ −
1

4
XμνXμν þ 1

2
m2

X XμXμ; ð14Þ

where the first term is the usual gauge boson kinetic term,
while the second is a bare mass term. Here, we assume a
Stueckelberg mass3 term for the new gauge boson Xμ. We
also assume the presence of an unbroken Z2 symmetry
under which the DM is odd while all the SM fields are even,
thus ensuring the stability of the DM by forbidding the
kinetic mixing term. With this, one can write down the
action encoding interaction between Xμ and radion,

Srad−Xμ
⊃
Z

d4x
ffiffiffiffiffiffi
−g

p rffiffiffi
6

p
Λr

�
m2

X

2
XμXμ

�
: ð15Þ

BothmS andmX are scaled by the RS warp factor, similar to
the Higgs mass in Eq. (10). It is worth mentioning that we
consider each DM is present one at a time and not together.
Once again, we have redefined the masses of S and Xμ as

mS → m0
S e

−krcπ; mX → m0
X e

−krcπ; ð16Þ

which shows, addressing the gauge hierarchy issue, in the
present framework, one can realize DM in the ballpark of
100 GeV to 1 TeV for krc ≃Oð10Þ and m0

S;X ∼OðMPÞ.

D. Radion interactions with fermionic DM

We next consider a singlet fermionic Majorana DM
candidate Ψ, protected by an ad hoc Z2 symmetry, with the
following interaction Lagrangian:

L ⊃ iΨ̄∇Ψ −
1

2
mΨΨcΨþ H:c:; ð17Þ

where mΨ is the Majorana mass.
In the case of a fermion, the covariant derivative is

defined as ∇μΨ ¼ ∂μΨþ i
2
ωμ

mnσmnΨ, where ωμ
mn are the

antisymmetric coefficients of the spinor connection
and σmn ¼ i

2
ðγmγn − γnγmÞ.

We write, ωμ
mn ¼ emν Γν

σμeσn − ð∂μemν Þeνn, where emν ¼
ekπTðxÞδmν and eνm ¼ e−kπTðxÞδνm, are called vierbeins (see
Appendix of [66] for a detailed derivation). With the
Lagrangian in Eq. (17), we can write the subsequent
action as2It is worth noting that while the radion field couples to both

SM and DM particles through the trace of the energy-momentum
tensor, photons and gluons are an exception, as being massless
they do not contribute to the trace at tree level. Nevertheless,
effective couplings to the radion can arise via quark andW-boson
loops as well as through the trace anomaly [25,58,61].

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 [62–65].

BARMAN, DAS, PAUL, SAHU, and SIVAKUMAR PHYS. REV. D 113, 115029 (2026)

115029-4



Srad−Ψ ⊃ −2mΨ

Z
d4x

�
rffiffiffi
6

p
Λr

�
ðΨcÞΨ: ð18Þ

It is worth noting that here we have rescaled the mass as

mΨ → m0
Ψ e−krcπ: ð19Þ

E. Graviton-matter interactions

In this section, we study fluctuations of the graviton field
by hμνðx;ϕÞ, treated as the perturbation around the flat-
brane metric ημν such as, ĝαβ ¼ e−2σðημν þ κ�hμνÞ, where
σðϕÞ≡ krcjϕj. Here, κ� represents the expansion param-
eter. In terms of the KK mode decomposition, hμνðx;ϕÞ can
be written as follows [67]:

hμνðx;ϕÞ ¼
X
n

hðnÞμν ðxÞ χ
ðnÞðϕÞffiffiffiffi
rc

p ; ð20Þ

where hðnÞμν ðxÞ can be interpreted as the K -excitations of the
four-dimensional graviton, and χðnÞðϕÞ are the wave func-
tions of the KK gravitons along the extra dimension. To
extract the KK graviton mass modes, we rewrite the four-
dimensional Einstein’s equation with respect to the per-
turbed metric ĝαβ. Allowing up to the linear order of κ� and
imposing the gauge conditions ∂αhαβ ¼ hαα ¼ 0, we obtain
the equation of motion for hμν as follows:

ðημν∂μ∂ν þm2
Gn
ÞhðnÞμν ðxÞ ¼ 0; ð21Þ

corresponding to states with masses mGn
≥ 0. Employing

the KK expansion in the metric ĝαβ, Einstein’s equation
together with the above relation yields a differential
equation for the profile χðnÞðϕÞ,

−
1

r2c

d
dϕ

�
e−4σ

dχðnÞ

dϕ

�
¼ m2

Gn
e−2σχðnÞ: ð22Þ

The solution for χðnÞ reads [67,68]

χðnÞðϕÞ ¼ e2σ

Nn
½J2ðznÞ þ αnY2ðznÞ�; ð23Þ

along with the orthonormality condition,Z
π

−π
dϕ e−2σ χðmÞðϕÞχðnÞðϕÞ ¼ δmn; ð24Þ

where J2 and Y2 denote Bessel functions of order 2,
znðϕÞ ¼ mGn

eσðϕÞ=k, Nn is the normalization constant,
and αn are fixed coefficients. The KK graviton masses
are then

mGn
¼ kxne−krcπ: ð25Þ

The normalization factors can be computed demanding

2

Z
π

0

dϕ e−2σðϕÞðχðnÞðϕÞÞ2 ¼ 1: ð26Þ

Note that there is a net e2σðϕÞ sitting inside the integral,
which makes the normalization factors ≳Oð1010Þ. For
xn ≪ ekrcπ , where xn ≡ znðϕ ¼ πÞ, one finds αn ≪ 1,
allowing the Y2ðznÞ term in Eq. (23) to be neglected.
Further, the requirement that the first order derivative of
χðnÞ be continuous at the orbifold fixed points yields

αn ¼ −
J1ðmGn

=kÞ
Y1ðmGn

=kÞ ; J1ðxnÞ ¼ 0: ð27Þ

The normalization constants are then

Nn ≃
ekrcπffiffiffiffiffiffiffi
krc

p J2ðxnÞ; n > 0; ð28Þ

and the zero mode is normalized as N0 ¼ 1=
ffiffiffiffiffiffiffi
krc

p
. We note

that Ref. [25] obtains the zero-mode normalization constant
N0 with an overall negative sign. This is consistent with
Eq. (26), which fixes only N2

0, giving

N0 ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − e−2krcπ

krc

s
≃� 1ffiffiffiffiffiffiffi

krc
p ; ðkrcπ ≫ 1Þ:

These two choices are physically equivalent, since they
differ only by an overall sign redefinition of the graviton
zero-mode wave function (or equivalently the correspond-
ing four-dimensional graviton field), which leaves meas-
urable quantities such as decay widths and scattering cross
sections unchanged. In Table I, we have listed KK graviton
masses for n ¼ 1;…; 10, considering krc ¼ 11 and
k ¼ MP. It is worth noting that the spectrum of graviton
masses is highly sensitive to the value of k. Here, we have
fixed k to be at the Planck scale. However, if k is taken to be
slightly below the Planck scale, the mass of the first
graviton KK mode can be as low as ∼2 TeV, placing it

TABLE I. Graviton masses corresponding to a few KK modes (n ¼ 1;…; 10) for krc ¼ 11 and k ¼ MP,
calculated using Eq. (25).

n 1 2 3 4 5 6 7 8 9 10

mGn
[TeV] 9.15 16.76 24.31 31.84 39.36 46.87 54.39 61.90 69.41 76.92
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within the reach of collider experiments, as we discuss in
Sec. IVA. For now, however, our focus is not on collider
search prospects but rather on the potential cosmological
implications for DM production, and hence, we choose the
graviton mass spectrum well beyond the collider bounds.
At large values of n, the roots of the Bessel function

become approximately xn ≃ πðnþ 1=4Þ þOðn−1Þ. With

the solutions for χðnÞ in hand, the interaction of hðnÞμν with
brane-localized matter fields can now be derived. Starting
from the 5D action and restricting to the brane at ϕ ¼ π,
one obtains

L ¼ −
1

M3=2 T
μνðxÞhμνðx;ϕ ¼ πÞ; ð29Þ

where TμνðxÞ is the conserved 4D energy-momentum
tensor of matter fields. Expanding hμν in KK modes and
using Eq. (28) for normalization, one finds

L ¼ −
1

MP
TμνðxÞhð0Þμν ðxÞ − 1

Λr
TμνðxÞ

X∞
n¼1

hðnÞμν ðxÞ; ð30Þ

where the zero mode couples with the usual 4D gravita-
tional strength M−1

P .
Now, the total energy-momentum tensor appearing in

Eq. (30) can be expressed as

Tμν ¼ Tμν
SM þ Tμν

DM; ð31Þ
where the SM contribution is given by

TSM
μν ¼ Tψ

μν þ TH
μν þ TV

μν: ð32Þ

Explicitly, the individual components corresponding to the
SM fermions, Higgs scalar, and gauge bosons take the
forms

Tψ
μν¼ i½ψ̄γν∂μψ−ð∂μψ̄Þγνψ �−

i
2
ημν½ψ̄γα∂αψ−ð∂αψ̄Þγαψ �;

TH
μν¼ðDμHÞ†ðDνHÞþðDνHÞ†ðDμHÞ

−ημν½ðDαHÞ†ðDαHÞþμ2H†H−λðH†HÞ2�;

TV
μν¼−ηαβVðaÞ

νβ V
ðaÞ
μα þ1

4
ημνV

ðaÞ
αβ V

ðaÞαβ; ða¼1;2;3Þ: ð33Þ

The canonical energy-momentum tensors corresponding to
the DM fields with spins i ¼ 0; 1

2
; 1 are given by

Tμν
S ¼ ∂

μS ∂νS − ημν
�
1

2
∂
αS ∂αS − VðSÞ

�
; ð34Þ

Tμν
Ψ ¼ i

8

�
Ψ̄γμ∂ν

↔
Ψþ Ψ̄γν∂μ

↔
Ψ
�

− ημν
�
i
4
Ψ̄γα∂α

↔
Ψ −

mΨ

2
ΨcΨ

�
; ð35Þ

Tμν
X ¼ −

1

2

�
Xα

μXαν þ Xα
νXαμ −

1

2
ημνXαβXαβ

þ ημνm2
XXαXα − 2m2

XX
μXν

�
; ð36Þ

each of which contributes to Tμν
DM, one at a time.

III. FROZEN-IN DARK MATTER IN WARPED
EXTRA DIMENSIONS

The DM candidate under consideration is a feebly
interacting massive particle, produced through the freeze-
in process. Consequently, it never attains thermal equilib-
rium with the SM bath, and its abundance remains con-
sistently below the equilibrium value throughout cosmic
history. The central premise of freeze-in is the assumption of
an initially empty dark sector in the early Universe. As time
progresses, DM is gradually populated via interactions
between the visible sector and the dark sector, enabled by
feeble DM-SM couplings. In our analysis, we focus on DM
production through scattering processes among SM par-
ticles, mediated by the radion and gravitons. We investigate
three possible DM spin assignments: spin-0 scalar, spin-1=2
(Majorana) fermion, and spin-1 massive vector boson,
considering each case independently. In the entire analysis,
we focus on direct freeze-in from the thermal bath, mediated
by radion and graviton in the s channel, as shown in Fig. 2.

A. Dark matter genesis

In order to follow the evolution of the DM number
density nDM with cosmic time, we begin with the
Boltzmann equation (BEQ),4

ṅDM þ 3HnDM ¼ γ2→2; ð37Þ

where, for a 2 → 2 scattering process, the reaction density
takes the form [69]

γ2→2 ¼
Tgagb
32π4

Z
∞

max ½ðmaþmbÞ2;4m2
DM�

ds σa;b→DM;DMðsÞ

×
½ðs −m2

a −m2
bÞ2 − 4m2

am2
b�ffiffiffi

s
p K1

� ffiffiffi
s

p
T

�
; ð38Þ

with a, b denoting the incoming states and ga;b their
respective internal degrees of freedom. In a standard

4Including both inverse decays and scattering via KK gravitons
leads to double counting of the on-shell contribution, since
resonant 2 → 2 scattering through a KK mode is equivalent to
its production via inverse decay followed by its subsequent decay
in the narrow-width limit. In this limit, the Breit-Wigner
propagator reduces to a delta function, and the total rate factorizes
as ΓG→SM × BRðG → DMÞ. Therefore, one may consistently
include either the inverse-decay channel or the full resonant
scattering term, but not both, as pointed out in [55].
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radiation-dominated epoch, where the entropy per comov-
ing volume is conserved, it is convenient to recast the above
equation in terms of the DM yield YDM ≡ nDM=s,

xHs
dYDM

dx
¼ γ2→2ðTÞ; ð39Þ

where x≡mDM=T is a dimensionless variable with T the
bath temperature, and

γ2→2 ¼
X
i∈ r;G

γi2→2 ð40Þ

is the total reaction density for all graviton and radion-
mediated processes. For a radiation-dominated Universe,
the entropy density sðTÞ and the Hubble rate HðTÞ are
given by

sðTÞ ¼ 2π2

45
g⋆sðTÞT3; HðTÞ ¼ π

3

ffiffiffiffiffiffiffiffiffiffiffiffi
g⋆ðTÞ
10

r
T2

MP
; ð41Þ

where g⋆sðTÞ and g⋆ðTÞ denote the effective relativistic
degrees of freedom associated with entropy and energy
density, respectively, and MP is the reduced Planck mass.
The DM yield at temperature T can then be obtained by
integrating Eq. (39),

YDMðTÞ ¼ −MP

Z
T

Trh

CðTÞ γ2→2ðTÞ
T6

; ð42Þ

with CðTÞ ¼ ½ð2π2=45Þg⋆sðTÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
π2g⋆ðTÞ=90

p
�−1. Here, Trh

is the reheating temperature defined under the sudden
inflaton-decay approximation, as the maximum temperature
of the thermal bath. In deriving Eq. (42), a vanishing initial
DM abundance at T ¼ Trh has been assumed, as appropriate
for freeze-in scenarios. To account for the observed relic
abundance, the present-day DM yield must satisfy

Y0mDM ¼ Ωh2
1

s0

ρc
h2

≃ 4.3 × 10−10 GeV; ð43Þ

where Y0 ≡ YDMðT0Þ is DM yield at present epoch,
ρc ≃ 1.05 × 10−5 h2 GeV=cm3 the critical energy density,

s0 ≃ 2.69 × 103 cm−3 the present entropy density [70], and
Ωh2 ≃ 0.12 the measured DM relic density [40].
To analytically understand the aspects of freeze-in, we

work in the limit where the initial and final states have
negligible masses with respect to the center of mass energyffiffiffi
s

p
. This is a legitimate approximation for early times when

T ≫ m, typically above the electroweak (EW) symmetry
breaking where all SM fields are massless. For the detailed
analysis, we however solve the BEQ full numerically
taking all masses and decay rates into account. In the
massless limit, the total DM production cross section via
graviton and radion portal simplifies to

σðsÞtotal≃
s3

512πΛ4
r

1

ðs−m2
rÞ2þΓ2

rm2
r

þ 107s3

51840πΛ4
r

����X
n

1

ðs−m2
Gn
Þþ iΓnmGn

����2; ð44Þ

considering scalar DM scenario and using the cross
sections listed in Appendixes B and D. Note that, in the
above expression, we have considered contribution from
the radion and only from higher KK graviton modes. In this
limit, the reaction rate density in Eq. (38) also simplifies to

γ2→2 ≃ ga gb
T

32π4

Z
∞

4m2
DM

ds s3=2σðsÞK1

� ffiffiffi
s

p
T

�
: ð45Þ

It is worth mentioning that while for radion mediation the
only available DM production channel above electroweak
symmetry breaking (EWSB) is hh → DMDM, for graviton
meditation we have all possible (massless) SM initial states.
Near the resonance, one can further apply the narrow width
approximation that results in

1

ðs −m2
medÞ2 þ Γ2

medm
2
med

→
π

mmedΓmed
δðs −m2

medÞ; ð46Þ

where “med” implies both radion and graviton mediator.
Away from the resonance, the propagator becomes
1=ðs −m2

medÞ2, ignoring the mediator decay rate. With
the approximations and assumptions furnished, we obtain
an approximate analytical expression for the DM yield via
2-to-2 scattering as

γ2→2≃
1

Λ4
r

8>>>>>>>>>>><
>>>>>>>>>>>:

5T12

m4
rπ

5 T ≪mr=2;

m8
rT

589824π4Γr
×K1ðmr=TÞ T ≃mr=2;

T8

768π5
mr=2≪ T ≪mG1

=2;

899m8
G1

T

414720π4Γ1
×K1ðmG1

=TÞ T ≃mG1
=2;

925x1
36864π3

m2
G1

T7

Γ1
T ≫mG1

=2;

ð47Þ

FIG. 2. Freeze-in production of DM from scattering of the bath
particles via radion portal (left) or graviton portal (right). The DM
can be spin-0, spin-1=2, or spin-1 field. Similar processes also
produce RHNs that participate in baryogenesis via leptogenesis.
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where K1ðzÞ is the modified Bessel function of the first
kind. In the last line, we have approximated the KK tower
as a continuum and replace

P
n →

R
dmn=Δm in the

propagator [55,71], where Δm ≃mG1
=x1, with x1 ≃ 3.8

[cf. Eq. (25)]. Utilizing Eq. (47), it is then possible to solve
Eq. (39) analytically and compute the final DM yield via
radion mediation as

Y0 ≃
MPC
Λ4
r

8>>>>>>>>>>>>>><
>>>>>>>>>>>>>>:

5T7
rh

7π5m4
r

Trh ≪ mr=2;

e−mr=Trhm9=2
r

2359296π4T5=2
rh Γr

ð4m2
r þ 10mrTrh þ 15T2

rhÞ Trh ≃mr=2;

T3
rh

2304π5
mr=2 ≪ Trh ≪ mG1

=2;

899e
−mG1

=Trhm9=2
G1

1658880π4T5=2
rh Γ1

ð4m2
G1

þ 10mG1
Trh þ 15T2

rhÞ Trh ≃mG1
=2;

925
73728π3

m2
G1

T2
rh

Γ1
Trh ≫ mG1

=2;

ð48Þ

where we have used the asymptotic approximation:
KνðxÞ ∼ x−1=2e−x, which holds for x → ∞ or, in other
words, T → 0 for any ν. Note that, typically for T≷mmed=2,
the DM yield has a strong dependence on Trh; i.e., bulk of
the DM is produced at T ∼ Trh, a quintessential feature of
UV freeze-in. Note that in deriving Eq. (48) we have
considered CðTÞ ¼ C; i.e., the relativistic DoFs do not
evolve with temperature. We emphasize that although
Eq. (48) has been calculated for scalar DM, the same
expressions also hold true for spin-1 or spin-1=2 DM, with
only modification in the numerical prefactors. It is essential
for freeze-in that the DM production rate remains below the
Hubble rate during production. Since in the present

scenario the bulk of the DM is produced around
T ≃ Trh, we need to ensure

γ2→2

nDMeq

����
T¼Trh

< HðTrhÞ; ð49Þ

where nDMeq ðTÞ ¼ gT
2π2

m2
DMK1ðmDM

T Þ is the equilibrium num-
ber density, with g being the internal degrees of freedom
(d.o.f.) of the concerned species. With this, one can obtain
an upper bound on the reheating temperature, below which
out of equilibrium freeze-in production can be ensured,

Trh <

8>>>>>>>>>>>>>><
>>>>>>>>>>>>>>:

h
ðπΛrmrÞ4

MP

7
ffiffiffiffi
g⋆

p
15

i
1=7

Trh ≪ mr=2;

− 2mr
7

�
W

h
− 2

7

�
Γ2
rΛ8

r
M2

Pm
8
rA2

	
1=7

i	
−1

Trh ≃mr=2;h
16

ffiffiffiffiffi
g⋆

p ðπΛrÞ4
MP

i
1=3

mr=2 ≪ Trh ≪ mG1
=2;

− 2mG1
7

�
W

h
− 2

7

�
Γ2
1
Λ8
r

M2
Pm

8
G1

B2

	
1=7

i	
−1

Trh ≃mG1
=2;ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

24576π2g1=2⋆
925x1

r ffiffiffiffiffi
Γ1

MP

q
Λ2
r

mG1
Trh ≫ mG1

=2;

ð50Þ

whereA ¼ 1.6 × 10−7=
ffiffiffiffiffi
g⋆

p
, B ≃ 2.1 × 10−4=

ffiffiffiffiffi
g⋆

p
, andW

is the Lambert W function. This is rather a conservative
bound since we have considered an equilibrium number
density for the DM. We solve Eq. (39) numerically by
taking into account all possible channels above and below
the EWSB temperature T ¼ TEW ≃ 160 GeV, properly
tracking the relativistic d.o.f.s via g⋆ðg⋆sÞðTÞ. As stated
before, all SM states are considered to be absolutely
massless for T > TEW, while for T < TEW they become

massive. Before moving on let us clarify that following are
the independent parameters in the present framework:

fmDM; mr;Λr; Trhg; ð51Þ

while the graviton mass is fixed by Eq. (25).
The left panel of Fig. 3 displays the DM production cross

section as a function of the center-of-mass energy
ffiffiffi
s

p
,

including both radion- and graviton-mediated channels for
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spin-0 DM. The first resonance originates from radion
exchange, while the subsequent peaks correspond to KK
graviton modes. The characteristic ∼s3 growth for graviton
mediation is evident. Our benchmark parameters are
chosen such that the hierarchy problem is consistently
addressed. The radion peak is sharper than the graviton
ones owing to its narrower width, though the distinct
graviton resonances are still discernible. At energiesffiffiffi
s

p
≫ m1, these resonant features fade, and the cross

section transitions into a continuum primarily governed
by graviton exchange. The right panel shows the temper-
ature dependence of the 2 → 2 reaction density. Four
regimes are visible: (i) for T ≪ mr=2, mediators are too
heavy to participate, yielding γ ∝ T12 (green dotted line),
(ii) near T ≃mr=2, radion exchange dominates, producing
γ ∝ TK1ðmr=TÞ (brown dotted line), corresponding to the
first bump, (iii) at T ≃mG1

=2, the first KK graviton mode
takes over, with γ ∝ TK1ðmG1

=TÞ, giving the second bump
(black dotted line), and (iv) for T ≫ mG1

=2, the mediator
mass becomes negligible, leading to γ ∝ T7 (red dotted
line). With mr ¼ 1 TeV and mG1

≃ 9 TeV (fixed by
krc ¼ 11), the two bumps lie close together, so the
intermediate T8 scaling is not distinctly visible. The
maximum contribution to the reaction density due to
gravitons comes from the first KK mode. Altogether, the
analytic behavior of Eq. (47) closely reproduces the
numerical scaling of the reaction density. The shaded
region in both plots is beyond the effective field theory
(EFT) approach, as the center-of-mass energy of the
process (in the left panel) or the temperature of the radiation
bath (in the right panel) is larger than the effective scale of
the theory.
Contours corresponding to the observed DM abundance

for fixed DM masses are shown in Fig. 4, in the bi-
dimensional plane of ½Trh − Λr�. For each case, we display
all three possible DM spins. In the upper panel, we set

krc ¼ 11 and fix the DM mass by taking m0
S ¼ MP.

The implications of varying the DM mass are discussed
shortly. Irrespective of the DM spin, the parameter
spaces exhibit a broadly similar pattern. This behavior
can be understood from the approximate analytical expres-
sion in Eq. (48), which shows that the DM relic abundance
scales as ΩDMh2 ∼mDMT

ξ
rh=Λ4

r , where ξ > 0 depends on
the specific temperature regime under consideration.
Consequently, for a fixed DM mass, an increase in Λr
leads to an underabundance, which can be compensated by
a larger reheating temperature Trh. However, excessively
large Trh values may lead to thermalization of the
SM–SM ↔ DM–DM processes (shown in dark gray),
thereby violating the freeze-in assumption. Since we
assume instantaneous reheating, the SM plasma cannot
produce DM heavier than the reheating temperature. This
excludes the pink-shaded regions in the upper panel. It is
however worth noting that DM production can proceed
even if mDM > Trh, which relies on the Boltzmann tail of
the SM particle distribution that enables the generation
of the DM relic at low temperature [72–74]. For
mDM ¼ 1 MeV, shown in the lower panel, this constraint
is absent because the BBN bound TBBN ≃ 4 MeV > mDM
is always satisfied. For heavier DM, one observes that asΛr
increases, the required Trh also rises, although more slowly
than for lighter DM, as seen by comparing the upper and
lower panels. This difference arises because for lighter DM,
phase-space suppression is negligible, and the yield grows
rapidly as YDM ∝ T7

rh, following the first line of Eq. (48).
As a result, for the same Trh, lighter DM requires a larger
Λr to avoid overproduction, an effect mitigated by increas-
ing the scale Λr. For the mDM ¼ 1 MeV case, one can still
take krc ¼ 11 with m0

S ≃ 1012 GeV. It is worth emphasiz-
ing that, for a given Λr and krc, the reheating temperature
cannot be arbitrarily large without invalidating the 4D
effective theory. The corresponding exclusion region,

FIG. 3. Left: DM production cross section as function of s, taking into account both radion and graviton exchange. Right: reaction
density as a function of temperature T. We fix Λr ¼ 100 TeV, mDM ¼ 1 GeV, mr ¼ 1 TeV, krc ¼ 11 (corresponding graviton mass
can be derived from Table I), and consider scalar DM. The shaded regions violate the effective theory condition.
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where the effective description is expected to fail, is shown
in cyan. Nevertheless, as evident from the figure, thermal-
ization typically imposes a stronger constraint. The green-
shaded region corresponds to krc ≤ 10, which can be
translated into Λr ≲ 5.5 × 104 GeV. Consequently, for
heavier DM, the simultaneous realization of the correct
relic abundance and resolution of the hierarchy problem is
ruled out under the assumption of instantaneous reheating,
that forbids Trh < mDM. In contrast, for lighter DM, as
illustrated in the lower panel, a consistent solution address-
ing both the hierarchy problem and the observed DM

abundance remains viable. As mentioned earlier, a modest
variation in the bulk curvature k (as well as krc) can lower
the graviton mass scale to values accessible at colliders.
However, since our focus is not on collider phenomenol-
ogy, we choose the model parameters such that the
corresponding masses remain well above the current
collider bounds (see Sec. IVA for a discussion on con-
straints). It is worth noting that varying the mediator masses
within this range does not qualitatively affect our results.
We choose two benchmark Λr values while fixing

mr ¼ 1 TeV and obtain the allowed parameter space in

FIG. 4. Contours of right relic abundance for a DM of mass mDM ≃ 2300 GeV, with corresponding krc ¼ 11, shown in the left panel,
considering different DM spins. The red solid, green dashed, and blue dot-dashed contours correspond to spin-0, spin-1, and spin-1=2
DM, respectively. The right panel shows the same, but for a DM of mass 1 MeV. In all cases, we have fixed mr ¼ 1 TeV and follow
Table I for the graviton mass. We show regions excluded from DM thermalization condition (in lighter gray), BBN bound on the
reheating temperature (in darker gray), instantaneous reheating condition (in pink, in the top panel), and violation of effective theory (in
cyan and in darker red). Within the green shaded region, the hierarchy problem can be addressed.

FIG. 5. Contours of right DM abundance for different DM spins, considering mr ¼ 1 TeV, Λr ¼ 10 TeV in the left panel, and
Λr ¼ 105 TeV in the right panel. The red solid, green dashed, and blue dot-dashed contours correspond to spin-0, spin-1, and spin-1=2
DM, respectively. Different shaded regions are excluded from the DM thermalization condition (in lighter gray), the BBN bound on the
reheating temperature (in darker gray), and the instantaneous reheating condition (in lighter red). In the right panel inset, we have
zoomed into the relic density contours corresponding to different spins to show them more clearly.
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½Trh −mDM� plane, as shown in Fig. 5. Once again, part of
the relic density allowed region is forbidden from the
thermalization condition, typically for larger Trh. As the
DM mass keeps increasing, in order to satisfy the correct
abundance, Trh decreases until the DM becomes heavy
enough where it can no longer produced from the thermal
bath. Note that a larger Λr requires higher Trh for the same
DM mass, since in that case the DM production is sup-
pressed and could only be overcome by considering a
higher Trh. As we argue later, a larger Trh is compatible with
the generation of baryon asymmetry. It is interesting to note
that for Λr ¼ 10 TeV one can still have krc ∼Oð10Þ, while
keeping 1011 ≲m0

S ≲ 1017 GeV to obtain DM over MeV-
TeV mass range on the brane [cf. Eq. (16)], thereby
providing a consistent resolution to both the hierarchy
problem and the right DM abundance via freeze-in. Before
concluding this section, it is useful to highlight an impor-
tant aspect of the RS framework. As discussed earlier, the
extra dimensional modulus in the RS model can be
stabilized at a value close to the inverse Planck scale by
introducing a massive scalar field in the bulk. In the original
stabilization mechanism, however, the backreaction of this
bulk scalar on the background geometry is neglected. This
framework was later extended to a more general warped
geometry setup by consistently including the backreaction
of the stabilizing scalar field on the background metric (see,
for example, Refs. [60,75–77]). Following Ref. [60], one
finds that the condition mr=Λr ≪ 1 is naturally satisfied in
the limit of small backreaction. In our analysis, the radion
mass is fixed at mr ¼ 1 TeV throughout, while the values
of Λr within the viable parameter space of both Fig. 4 and
Fig. 5 that yield the correct relic abundance always satisfy
mr=Λr ≪ 1. Therefore, all benchmark points considered in
this work consistently lie within the small backreaction
regime.

IV. MINIMAL GRAVITATIONAL FREEZE-IN

It is noteworthy that the DM is inevitably produced via
exchange of the massless gravitons, due to the first term in
Eq. (30) which leads to irreducible DM-graviton inter-
actions via minimal gravity. The interaction rate density for
such a process reads [4,7–9,78]

γðTÞ ¼ k
T8

M4
P
; ð52Þ

with k ≃ 2.9 × 10−3 (spin-0), k ≃ 1.7 × 10−2 (spin-1=2
Majorana), or k ≃ 7.3 × 10−2 (spin-1). In the sudden decay
approximation for the inflaton, one can analytically obtain
the DM asymptotic yield as [78]

Y0 ≃
45k

2π3g⋆s

ffiffiffiffiffi
10

g⋆

s �
Trh

MP

�
3

; ð53Þ

which leads to

Trh ≃
�
103 GeV
mDM

�
1=3

8<
:

9.4 × 1015 GeV; spin-0;

5.2 × 1015 GeV; spin-1=2;

3.2 × 1015 GeV; spin-1;

ð54Þ

in order to satisfy the right DM abundance. Consequently,
DM production via massless graviton mediation becomes
important at a very high Trh, because of the large hierarchy
Λr ≪ MP. Thus, for Trh < 1015 GeV, the contribution
from massless graviton mediation to the DM yield can
be safely ignored.

A. Theoretical and observational constraints

1. From collider

From theoretical analyses, Ref. [79] reported a
radion mass range of 0.8 GeV≲mr ≲ 260 GeV with
1.4≲ Λr ≲ 1.5 TeV. This parameter space corresponds
to a radion lighter than the first KK graviton mode and
is compatible with the warp factor required to reproduce the
electroweak scale. Collider searches, however, impose far
stronger bounds, as examined in [80–88]. For instance,
using h → ZZ, h → WþW−, and h → γγ searches,
Ref. [87] demonstrated that at mr ≃ 200 GeV the effective
scale must satisfy Λr ≳ 5 TeV, while for mr ¼ 1 TeV the
lower limit reduces to about 2 TeV. As emphasized
in [60,89,90], the radion can also mix with the SM
Higgs boson, with important phenomenological implica-
tions. Without such mixing, the only means of suppressing
radion couplings is to raise its scale, which pushes (Large
Hadron Collider) LHC bounds on Λr to multi-TeV
values [85,91,92]. Including Higgs–radion mixing, how-
ever, enriches the phenomenology, enabling consistency
with Higgs data and even evading exclusion limits without
requiring a large new-physics scale [93–96]. The mass
bound on the lightest graviton excitation in this framework
has already surpassed 2 TeV at

ffiffiffi
s

p ¼ 8 TeV [97,98]. The
second theoretical aspect involves ensuring the consistency
of the EFT framework. In the RS model, energies above Λr
lead to strong coupling among KK gravitons, signaling the
breakdown of the five-dimensional description. We thus
require at least the first KK graviton to remain lighter
than the cutoff, mG1

< Λr [25], shown by the red shaded
area in Fig. 4. The ATLAS data corresponding to high-
mass diphoton final states, corresponding to an integrated
luminosity of 36.7 fb−1 at a center-of-mass energy offfiffiffi
s

p ¼ 13 TeV, has excluded graviton mass below
4.1 TeV for k=MP ¼ 0.1 [99]. A more recent analysis
from CMS collaboration for the same signal event at

ffiffiffi
s

p ¼
13 TeV for an integrated luminosity of 138 fb−1 excludes
masses below 2.2 to 5.6 TeV at 95% confidence level, for
0.01 < k=MP < 0.2 [100]. The DM can, in principle,
scatter off the SM nucleons via the t-channel exchange
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of the radion or graviton, leading to the possibilities of
direct detection. However, the resulting constraints on Λr,
from experiments such as LUX-ZEPLIN [101] and
DARWIN [102], are many orders of magnitude weaker
than those derived from freeze-in.
In Fig. 6, we illustrate how the cross section into

photonic final states varies with the graviton mass. For
comparison with experimental data, we use the recent CMS
result [100] from the search for new physics in high-mass
diphoton events in proton-proton collisions at a center-of-
mass energy of 13 TeV. The dataset was collected during
2016–2018 with the CMS detector at the LHC and
corresponds to an integrated luminosity of 138 fb−1. The
gray dashed curve represents the prediction of our model,
obtained using the relation

k̃≡ k
MP

¼ mG1

x1Λr
: ð55Þ

By fixing k̃, one can vary both mG1
and Λr over a suitable

range and compare the resulting graviton-mediatedpp → γγ
cross section with the CMS measurement (shown in black).
The parton-level events are generated using CalcHEP [103],
using the CTEQ6L distribution function. For each allowed
pair ½mG1

;Λr�, one can identify values of Trh that yield the
correct relic abundance for a 1 MeV DM candidate; these
values of Trh are indicated by the color scale. Interestingly,
for k̃ ¼ 0.01 (left panel), the present data exclude the region
with Trh ≲ 26 GeV and mG1

≲ 2230 GeV, for a scalar DM
of mass 1 MeV. Increasing k̃ ¼ 0.1, as shown in the right
panel, the constraints becomes more stringent, forbidding
mG1

≲ 4630 GeV and corresponding Trh ≲ 15.8 GeV. This
figure highlights a striking complementarity between col-
lider searches and early Universe cosmology. The key

message is that collider measurements can impose stringent
constraints not only on the mass scale and coupling of new
physics but also on the cosmological history of the early
Universe.

2. From reheating

Away from the sudden decay approximation for reheat-
ing, the bath temperature may rise to a temperature
Tmax ≫ Trh [104–106]. 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 calculations assuming radiation domination. In
particular, it has been observed that if the DM is produced
during the transition frommatter to radiation domination via
an interaction rate that scales like γðTÞ ∝ Tn, for n > 12 the
DMabundance is enhanced by a boost factor proportional to
ðTmax=TrhÞn−12 [107], whereas for n ≤ 12 the difference
between the standard freeze-in calculation differ only by an
Oð1Þ factor from calculations taking into account non-
instantaneous reheating. It has also been highlighted that the
critical mass dimension of the operator at which the
instantaneous decay approximation breaks down depends
on the equation of stateω, or equivalently, to the shape of the
inflationary potential at the reheating epoch [108–112].
Therefore, the exponent of the boost factor becomes
ðTmax=TrhÞn−nc with nc ≡ 6þ 2ð3−ω

1þωÞ, showing a strong
dependence on the equation of state [108]. However, as
the precise determination of such boost factors depends on
the details of the reheating mechanism, in particular, the
shape of the inflationary potential during reheating, it is
beyond the scope of the present study. Given an inflationary
model, a measurement (upper limit) on the tensor-to-scalar
ratio can be translated into an upper bound on Trh, thereby

FIG. 6. Production cross section in high-mass diphoton ðpp → γγÞ events from proton-proton collisions is shown (gray dashed line),
as a function of the lightest KK-graviton mass. The black solid curve corresponds to result obtained from CMS [100] at

ffiffiffi
s

p ¼ 13 TeV,
corresponding to an integrated luminosity of 138 fb−1. Different colored points represent Trh values required to satisfy the observed DM
abundance for a DM of mass 1 MeV. In the left (right) panel, we fix k̃ ¼ 0.01ð0.1Þ, mr ¼ 1 TeV.
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constraining the scale of inflation. Precision measurements
of primordial element abundances from big bang nucleo-
synthesis (BBN) suggest that the reheating temperature,Trh,
must be at least a fewMeV [93,113–117]. On the other hand,
typical inflationary models predict an upper bound on Trh

around 1016 GeV (see, e.g., Ref. [118]). However, a high
reheating temperature can potentially lead to issues with
long-lived exotic relics that risk overclosing the Universe. A
well-known example of this is the cosmological gravitino
problem in supergravity scenarios [119]. As a result, super-
gravity models usually impose an upper limit on the
reheating temperature of around 1010 GeV, with even
stricter constraints if the gravitino is light. For the graviton
and radion of masses ½≳Oð1 TeVÞ�, both particles decay
before the onset of BBN (approximately before one second),
provided Λr ≲ 1010 GeV.
A comprehensive analysis of inflation and the sub-

sequent production of new physics after inflation lies
beyond the scope of this work. Nevertheless, we note that
a recent study [120] investigated inflation within extra-
dimensional frameworks from two complementary per-
spectives. The first is the so-called dark dimension sce-
nario, which consists of a single flat extra dimension of size
L ¼ 2πrc, where rc denotes the compactification radius,
with a brane located at y ¼ 0. The second framework is the
Randall-Sundrum (RS) model, based on a five-dimensional
anti–de Sitter geometry. Within this setup, both RS1 and
RS2 realizations were examined: RS1 includes two branes
at y ¼ 0 and y ¼ πrc (with the latter identified as the IR
brane), while RS2 contains a brane at y ¼ 0 and a second
brane effectively pushed to infinity. The authors have also
confirmed a previous result, showing that 5D evolution
leads to a correction of the Hubble parameter on the brane
H2 ∝ ρ2 [121–123] (ρ being matter density on the brane),
which is different from the 4D case where H2 ∝ ρ. In these
constructions, the inflaton field ϕ, together with all SM
fields, was assumed to be localized on a brane (specifically
the IR brane in RS1). Two representative inflationary
scenarios were then explored: monomial inflation and
the simplest α-attractor model. The authors showed that the
monomial inflation scenario is disfavored by current
Atacama Cosmology Telescope (ACT) observations
[124,125], whereas the α-attractor framework remains in
good agreement with the data. In the RS1 setup, they also
noted an important tension: matching cosmological obser-
vations requires an effective scaleΛr > 1013 GeV, which is
vastly larger than the TeV scale typically needed to address
the hierarchy problem. This suggests that, if the inflaton is
confined to the IR brane, the RS1 framework may struggle
to simultaneously explain both inflationary data and the
hierarchy problem.

3. From ΔNeff

For BBN to proceed successfully, the Universe must not
contain a substantial abundance of additional relativistic

degrees of freedom beyond those in the SM. Any such extra
radiation energy density is conventionally parametrized
through ΔNeff , and its presence during the BBN epoch can
modify the expansion rate, thereby impacting the formation
of light elements. Consequently, both current and future
constraints on ΔNeff from CMB, BBN, and their combi-
nation place stringent limits on scenarios that predict excess
radiation prior to or during BBN. Here, we consider a
scenario where the decay of massive graviton (apart from
the SM fields) produces massless dark radiation (DR) with
spin-0, spin-1=2, and spin-1.
The effective number of neutrino species Neff is defined

through the total radiation energy density in the late
Universe (at a photon temperature TΔNeff

) via

ρradðTΔNeff
Þ ¼ ργ þ ρν þ ρDR

¼
�
1þ 7

8

�
Tν

Tγ

�
4

Neff

�
ργðTΔNeff

Þ; ð56Þ

where ργ , ρν, and ρDR denote the photon, SM neutrino, and
dark radiation energy densities, respectively, and Tν=Tγ ¼
ð4=11Þ1=3. The temperature TΔNeff

specifies the epoch at
which Neff is evaluated. Experimental bounds on ΔNeff are
typically quoted at TΔNeff

¼ TBBN and TΔNeff
¼ TCMB, with

TCMB corresponding to photon decoupling. Within the SM,
accounting for noninstantaneous neutrino decoupling
yields NSM

eff ¼ 3.044 [126–134]. In the presence of addi-
tional dark radiation, one finds

ΔNeff ≡ Neff − NSM
eff ¼ 8

7

�
11

4

�
4=3 ρDRðTΔNeff

Þ
ργðTΔNeff

Þ

¼ 43

7

�
11

4

�
4=3

�
B

1 − B

��
43=4
g⋆ðTdÞ

�
1=3

; ð57Þ

where B denotes the branching fraction of the graviton into
DR of different spins. In deriving Eq. (57), entropy
conservation has been applied from decoupling temper-
ature Td until TΔNeff

, and we have used g⋆s ≃ g⋆ around
TΔNeff

. The decoupling temperature of the decaying grav-
iton satisfies

Td ¼
"
3ΓG

π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
10

g⋆ðTdÞ

s
MP

#
1=2

≃ 5.2 × 108 GeV

�
mG

1 TeV

�
3=2

�
10 TeV

Λr

�
; ð58Þ

where mG is the mass of the decaying graviton. Using the
expressions for graviton decay rates in Appendix C, we find

BARYON-DARK MATTER COINCIDENCE IN RANDALL-SUNDRUM … PHYS. REV. D 113, 115029 (2026)

115029-13



ΔNeff ≃

8>>>>><
>>>>>:

0.01 ×
�

B
1=1095

	
for spin-0;

0.03 ×
�

B
3=1097

	
for spin-1=2;

0.13 ×
�

B
13=1107

	
for spin-1;

ð59Þ

ignoring masses of the SM particles and considering
g⋆ðTdÞ ¼ 106. This shows spin-1 DR contributes maxi-
mally to ΔNeff .
Within the standard ΛCDM cosmological framework,

the Planck legacy data yield Neff ¼ 2.99� 0.34 at 95%
CL [40]. Incorporating baryon acoustic oscillation mea-
surements significantly sharpens this determination to
Neff ¼ 2.99� 0.17 at the 1σ level. Upcoming CMB
surveys, such as SPT-3G [135] and the Simons
Observatory [136], are expected to improve upon
Planck’s sensitivity. In particular, CMB-S4 [137] and
CMB-HD [138] aim for remarkable precision, targeting
sensitivities of ΔNeff ≃ 0.06 and ΔNeff ≃ 0.027 (95% CL),
respectively. A joint analysis combining BBN and CMB
constraints yields Neff ¼ 2.880� 0.144 [139]. Looking
ahead, next-generation satellite missions such as
COrE [140] and Euclid [141] are projected to set limits
at the level of ΔNeff ≲ 0.013 (2σ). In the right panel of
Fig. 7, we present the contribution toΔNeff arising from the
decay of a decoupled massive graviton into DR species
with different spins. It is worth noting that current Planck
constraints already exclude mG ≲ 0.02 GeV when spin-1
or spin-1=2 DR contributes to ΔNeff , whereas the corre-
sponding bound for spin-0 is much weaker, excluding only
mG ≲ 0.02 MeV. Heavier gravitons remain unconstrained
by existing Planck limits but may be probed by the
improved sensitivities of future experiments such as
CMB-S4 and CMB-HD, particularly in the spin-1 and

spin-1=2 cases. Spin-0 scenario, however, remains safe.
Notably, the present CMS analysis offers complemen-
tary coverage to CMB observations by ruling out
mG ≲ 2.2 TeV, in the context of the RS model.
It is worth stressing that, although Eq. (57) appears

independent of Λr, as it depends solely on the branching
fraction B, a dependence on Λr nonetheless enters through
Eq. (58), as one can see from the left panel. For a fixed
graviton mass, increasing Λr suppresses the graviton decay
width, thereby extending its lifetime. As a result, the
graviton decays later, when the Hubble expansion rate
has decreased to HðTdÞ ≃ ΓG , corresponding to a cooler
Universe. This is also evident from the left panel of Fig. 7.
The behavior of ΔNeff at small graviton masses can be
directly understood from its dependence on the entropy
degrees of freedom at the decoupling temperature, as seen
in Eq. (57). For fixed Λr, the decoupling temperature scales
as Td ∝ m3=2

G , implying that lighter gravitons decouple at
later times when the temperature of the thermal bath is
lower. Since the effective entropy degrees of freedom g⋆ðTÞ
decrease significantly as the Universe cools (notably across
the QCD and electron-positron annihilation epochs), a
smaller Td corresponds to a smaller value of g⋆ðTdÞ.
Consequently, the dilution of the DR component due to
subsequent entropy injection into the SM plasma is
reduced. This is reflected in Eq. (57) through the factor
g⋆ðTdÞ−1=3, leading to an enhanced contribution to ΔNeff
for lighter gravitons. In contrast, heavier gravitons decouple
earlier, when g⋆ðTdÞ is large, resulting in stronger entropy
dilution and hence a suppressed ΔNeff . This explains the
rise of ΔNeff toward smaller graviton masses observed in.
In summary, a massive graviton with mG ≳ 2 TeV remains
safe from current ΔNeff limits from Planck, considering its
decays into dark radiation having intrinsic different spins.

FIG. 7. Left: decoupling temperature Td, as a function of graviton mass [cf. Eq. (58)] for spin-1 DR. Different curves correspond to
different choices of Λr. Right: contribution to dark radiation from graviton decay, considering different spins, shown via different black
curves, as a function of graviton mass, following Eq. (57). The shaded region is discarded from present (Planck) and future predictions
ofΔNeff from different experiments. The vertical dashed line shows lower bound from CMS on first KK-graviton mass in RS model (see
text for details).
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V. IMPLICATIONS FOR BARYOGENESIS VIA
LEPTOGENESIS

As advocated in the beginning, the goal of the present
study is to address not only the DM abundance but also the
asymmetry in the brayonic sector. In order to achieve the
latter, we adopt the leptogenesis route to baryogenesis.
Following the standard leptogenesis scenario [142,143], we
introduce three SM gauge singlet RHNsNi (with i¼1, 2, 3)
with the SM fields that leads to an interaction Lagrangian,

L ⊃ −
1

2
MNNcN − yNNH̃†ψL þ H:c:; ð60Þ

where RHNs are assumed to be mass diagonal, and all the
generational indices are suppressed. The first term is the
lepton number violating Majorana mass term for RHN.
The second piece corresponding to the interaction
Lagrangian is important since it is responsible for the
generation of active neutrino mass, as well as the lepton
asymmetry via CP-violating decay of the RHNs, which
eventually gets converted into the observed baryon asym-
metry via sphalerons. Here, H̃ ¼ iσ2H⋆, where σ2 is the
Pauli spin matrix. With the Lagrangian in Eq. (60), we can
write the subsequent action as

Srad−N ⊃ −
Z

d4x

�
4rffiffiffi
6

p
Λr

��
1

2
MNNcN

þ yNN H̃ †ψL þ H:c:

�
: ð61Þ

Once again, we rescale the RHN mass MN → M0
N e−krcπ .

Consequently, for krc ∼Oð10Þ, we have TeV-scale RHN
for M0

N ∼OðMPÞ.

A. Neutrino mass and CP asymmetry

Once the neutral component of H acquires a nonzero
VEV, the neutrino Dirac mass term can be written as

mD ¼ yNffiffiffi
2

p v; ð62Þ

following Eq. (60). Together with the bare Majorana mass
of the RHNs, this generates light neutrino masses through
the Type-I seesaw mechanism [49,144],

mν ≃ −mDM−1
N mT

D; ð63Þ

assuming mD ≪ MN . Diagonalization yields

mν ¼ U�md
νU†; ð64Þ

where md
ν ¼ diagðm1; m2; m3Þ, and U is the PMNS

matrix [70], with the charged lepton mass matrix taken
diagonal. To generate the complex Yukawa structure

required for CP-violating RHN decays, we employ the
Casas-Ibarra (CI) parametrization [145],

yN ¼
ffiffiffi
2

p

v
U

ffiffiffiffiffiffi
md

ν

q
RT

ffiffiffiffiffiffiffiffi
Md

N

q
; ð65Þ

where Md
N is the diagonal RHN mass matrix, R is a

complex orthogonal matrix, RTR ¼ I, chosen as

R ¼

0
B@

0 cos α sin α

0 − sin α cos α

1 0 0

1
CA; ð66Þ

with α ¼ aþ ib a complex angle, and we have considered
the RHNs to be mass diagonal. The mass matrix md

ν is
determined from the latest oscillation data [70,146]. Note
that, inwriting the above rotationmatrix, we have considered
N3 to be extremely heavy and decoupled, consequently only
N1;2 take part in leptogenesis. Consequently, the lightest
active neutrino mass can be set to zero. The CP asymmetry
parameter is defined as

ϵi ¼
P

jΓðNi → ljHÞ −P
jΓðNi → lj H̄ÞP

jΓðNi → ljHÞ þP
jΓðNi → lj H̄Þ : ð67Þ

As the present setup naturally forbids high-scale lepto-
genesis (to consistently address the hierarchy problem) and
gives rise to TeV-scale RHNs, in order to satisfy the observed
baryon asymmetry, we would require to resonantly enhance
the CP asymmetry leading to resonant leptogenesis. A
resonant enhancement of the CP asymmetry in N1 decay
occurs when themass difference betweenN1 andN2 is of the
order of the decay widths. The CP asymmetry due to N1

decay then reads [52,147–149]

ϵreso1 ¼ Im ½ðY†
NYNÞ212�

ðY†
NYνÞ11ðY†

NYνÞ22
·

ðM2
1 −M2

2ÞM1Γ2

ðM2
1 −M2

2Þ2 þM2
2Γ2

2

; ð68Þ

wherewe have neglected the flavor effects. This result is only
applicable to the case of two nearly degenerate heavy
Majorana neutrinos. It is worth remarking that two
Majorana neutrinos are sufficient for generating the light
neutrino masses and explaining the baryon number
asymmetry.

B. Generation of baryon asymmetry

To track the evolution of N1, along with the B–L charge
with temperature of the SM bath, we solve the following set
of coupled Boltzmann equations:
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dYr

dz
¼ −

1

zH
hΓr→SMSMiðYr − Yeq

r Þ

−
s
zH

hσviSMSM→rrðY2
r − Y2

r;eqÞ;
dYG

dz
¼ −

1

zH
hΓG→SMSMiðYG − Yeq

G Þ

−
s
zH

hσviSMSM→GGðY2
G − Y2

G;eqÞ;
dYN1

dz
¼ 1

zH
hΓG→N1N1

iYG þ
1

zH
hΓr→N1N1

iYr

−
s
zH

hσviSMSM→N1N1
ðY2

N1
− Y2

N1;eq
Þ;

−
1

zH
hΓN1

iðYN1
− Yeq

N1
Þ;

dYB−L

dz
¼ hΓN1

i
zH

ϵreso1 ðYN1
− Yeq

N1
Þ

−
hΓN1

i
H

z
4

m̃1

m⋆
K1ðzÞYB−L; ð69Þ

where z ¼ M1=T. Here, m̃1 ¼ ðm†
DmDÞ22=M1 ≈m2

ν;1=M1,
and and m⋆ ≃ 10−3 eV is the equilibrium neutrino
mass [150]. The thermally averaged decay width reads

hΓii ¼
K1ðMi=TÞ
K2ðMi=TÞ

× Γi→jj; ð70Þ

where i and j are the decaying particle and the decay
products, respectively. The first and second lines of
Eq. (69) correspond to the yield of frozen-in radions and
KK gravitons, respectively, that are created (on shell) either
from the inverse decays (2-to-1 process) or from the
scattering (2-to-2 process) of the bath particles, where

the latter is suppressed by 1=Λ4
r and hence subdominant in

presence of decay. The third line takes care of the evolution
of RHN yield, where we include RHN production from
graviton and radion decays, as well as graviton- and radion-
mediated scattering (included in hσviSMSM→N1N1

), on top of
usual production via inverse decay of the bath particles
ðlH → N1Þ. The last line of equation determines the net
asymmetry produced. Sphaleron interactions are in equi-
librium in the temperature range between ∼100 GeV and
1012 GeV, and they convert a fraction of a nonzero B–L
asymmetry into a baryon asymmetry via

YB ≃ asphYB−L ¼ 8NF þ 4NH

22NF þ 13NH
YB−L; ð71Þ

where NF is the number of fermion generations, and NH is
the number of Higgs doublets, which in our case are
NF ¼ 3, NH ¼ 1, and asph ≃ 28=79. In leptogenesis, where
purely a lepton asymmetry is generated, B − L ¼ −L. This
is converted into the baryon asymmetry via sphaleron
transition [150]. Finally, the observed baryon asymmetry
of the Universe is given by Y0

B ≃ 8.75 × 10−11.
We present the numerical solution to Eq. (69) in Fig. 8,

which shows the evolution of the radion, graviton, RHN,
and the absolute value of the asymmetry as functions of z.
The RHN mass is fixed to be 500 GeV, considering
krc ¼ 10 such that the hierarchy problem is once again
addressed. The radion mass is fixed to 2 TeV, satisfying the
collider limit, and we consider the contribution from
the lowest KK-graviton mass mode, following Table I.
As the effective scale Λr decreases, the yields of the radion
and graviton increasingly approach their equilibrium dis-
tributions, as evident from the comparison between the left
and right panels. This behavior is expected, since a smaller

FIG. 8. Evolution of radion, graviton, RHN, and B–L yield, shown via red-dashed, green-dotted, blue-dotdashed and black solid
curves, respectively. In the left panel, we have chosen Λr ¼ 3 × 1010 GeV, while Λr ¼ 105 GeV in the right panel. In the left panel, we
also show the thermal RHN yield via black dashed curve (on top of the blue dot-dashed cuve). In all cases, we have fixed mr ¼ 2 TeV
and M1 ¼ 500 GeV, and the graviton mass follows from Table I. The vertical dashed gray line corresponds to the temperature of
sphaleron transition. The horizontal gray line represents the value of the observed baryon asymmetry Y0

B ≃ 8.75 × 10−11.
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Λr enhances the interaction rate, allowing it to compete
effectively with the Hubble expansion rate. The RHN yield
gradually builds up from a negligible initial value, and its
subsequent decay generates the final B–L asymmetry,
represented by the solid black curve. The CI parameters
are chosen such that the resulting asymmetry reproduces
the observed value while maintaining perturbativity of the
Yukawa coupling. For TeV-scale leptogenesis, it is essential
to account for flavor effects [52], where the dynamics of
individual lepton flavors play a significant role in generat-
ing the final asymmetry. Since the framework of flavored
leptogenesis is extensively developed in the literature and
applies to our scenario without modification, we do not
elaborate on it here. Instead, we highlight that the present
setup naturally accommodates low-scale leptogenesis,
placing it within the potential reach of collider experiments
(see, for example, Refs. [151–154]).

1. Baryon-dark matter coincidence

We conclude by reflecting on the viability of explaining
the baryon-DM coincidence within this framework. Since
the baryon asymmetry is predominantly generated by
RHNs originating from the thermal bath, their efficient
production in the early Universe requires the reheating
temperature to satisfy Trh ≳M1. Consequently, a successful
realization of leptogenesis driven by the CP-violating
decays of a 500 GeV RHN necessitates Trh ≳ 500 GeV.
As demonstrated in the right panel of Fig. 5, the observed
dark matter relic abundance can be consistently reproduced
for Trh ≳ 500 GeV by appropriately adjusting the effective
scale Λr. Hence, for a moderately high reheating temper-
ature, our setup naturally accommodates the baryon-DM
coincidence while simultaneously offering a coherent
resolution to the hierarchy problem.

VI. CONCLUSIONS

Within the framework of the RS setup, we have explored
the production of new-physics states. In our scenario,
all SM fields are confined to the IR brane, while only
the spin-2 graviton propagates in the bulk. The RS con-
struction additionally predicts a scalar degree of freedom,
the radion. Building on this setup, we extend the SM by
introducing gauge-singlet fields that can either serve as dark
matter (DM) candidates or generate the baryon asymmetry
through standard leptogenesis. Even without direct

couplings between DM and the SM, the DM production
is inevitably facilitated by their gravitational interactions
mediated by the graviton and the radion. Interestingly,
satisfying all collider constraints from LHC and cosmo-
logical bounds, e.g., from reheating and from ΔNeff , the
observed DM relic abundance can be fully explained while
simultaneously addressing the hierarchy problem. We show
that the reheat temperature is sufficient enough to produce
the RHNs abundantly. These RHNs subsequently undergo
CP-violating, out-of-equilibrium decays, yielding the
observed matter-antimatter asymmetry of the Universe.
Since the RHN mass is constrained to be at the TeV scale
in order to solve the hierarchy problem, achieving a
sufficient CP asymmetry necessitates resonant enhance-
ment. We further examine the impact of collider constraints
within this framework, with particular emphasis on their
implications for early Universe cosmology. In particular,
existing bounds from LHC searches for gravitons in di-
photon final states impose significant restrictions on the
reheating temperature, depending on the graviton mass and
size of the effective scale. In summary, the RS framework,
together with a simple extension of the SM particle content,
offers a unified and coherent resolution to the coincidence
problem while consistently addressing the hierarchy issue.
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APPENDIX A: RADION DECAY RATES

To obtain relevant radion-matter vertices, we imple-
mented the model in LanHEP [155] and extracted the decay
widths as well as cross sections utilizing CalcHEP [103]. In
Table II we have tabulated the relevant radion-SM-SM
vertices.

1. To Standard Model

a. Before EWSB

Before EWSB, the only decay mode that is accessible to
the radion is the SM Higgs, with a decay rate

Γr→hh ¼
m3

r

768πΛ2
r
: ðA1Þ

TABLE II. Three-legged vertices for the radion-matter inter-
actions in unitary gauge. Here, mh;V;f corresponds to the Higgs,
massive gauge boson, and the SM fermion masses, respectively.

Interactions Vertices

rHðp1ÞHðp2Þ ði=ΛrÞð2p1 · p2 þ 4m2
hÞ

rVðp1ÞVðp2Þ ð−2im2
V=ΛrÞηαβ

rfðp1Þf̄ðp2Þ imf=Λr
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b. After EWSB

After the EWSB, the radion can decay to SM fermions, Gauge bosons, and Higgs in the SM. The decay widths of these
modes are given as follows:

Γr→SMSM ¼ m3
r

384πΛ2
r

8>>>>>><
>>>>>>:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − xW

p �
1 − xW þ 3

4
x2W

	
;

1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − xZ

p �
1 − xZ þ 3

4
x2Z
	
;

1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − xh

p
;

2Ncxfð1 − xfÞ3=2;

ðA2Þ

where xi ≡ 4m2
i =m

2
r , Nc ¼ 3ð1Þ represents the color factor for quarks (leptons), and mf is the mass of the SM fermions.

2. To dark matter

Γr→DMDM ¼ m3
r

768πΛ2
r

8>><
>>:

ð1 − xDMÞ5=2 spin-0;

8xDMð1 − xDMÞ3=2 spin-1=2;ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − xDM

p ð1 − 4xDM þ 12x2DMÞ spin-1;

ðA3Þ

where xDM ≡ 4m2
DM=m

2
r .

APPENDIX B: RADION-MEDIATED SCATTERING CROSS SECTIONS

1. Before EWSB

In this case, only the hh → DMDM channel survives with the following production cross sections:

σhh→DMDM ¼ s
18432πΛ4

r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
DM

s

r
8>>>>><
>>>>>:

ðs−4m2
DMÞ2

ðs−m2
rÞ2þΓ2

rm2
r
; spin-0DM;

s2−4sm2
DMþ12m4

DM
ðs−m2

rÞ2þΓ2
rm2

r
; spin-1DM;

32m2
DMðs−4m2

DMÞ
ðs−m2

rÞ2þΓ2
rm2

r
; spin-1=2DM;

ðB1Þ

2. After EWSB

Once the EW symmetry is broken, all the SM states becomes massive. Below we report all the production cross sections
for different DM spins. In the following, we consider x ¼ 2mDM=

ffiffiffi
s

p
, y ¼ 2mSM=

ffiffiffi
s

p
.

a. Spin-0 DM

σll→SS ¼
1

36864πΛ4
r

s3y2

½ðs −m2
rÞ2 þ Γ2

rm2
r �
ð1 − x2Þ5=2ð1 − y2Þ1=2; ðB2Þ

σqq→SS ¼
1

110592πΛ4
r

s3y2

½ðs −m2
rÞ2 þ Γ2

rm2
r �
ð1 − x2Þ5=2ð1 − y2Þ1=2; ðB3Þ

σZZ→SS ¼
1

663552πΛ4
r

s3ð4 − 4y2 þ 3y4Þ
½ðs −m2

rÞ2 þ Γ2
rm2

r �
ð1 − x2Þ5=2ð1 − y2Þ−1=2; ðB4Þ

σWW→SS ¼
1

663552πΛ4
r

s3ð4 − 4y2 þ 3y4Þ
½ðs −m2

rÞ2 þ Γ2
rm2

r �
ð1 − x2Þ5=2ð1 − y2Þ−1=2; ðB5Þ

σhh→SS ¼
1

18432πΛ4
r

s3

½ðs −m2
rÞ2 þ Γ2

rm2
r �
ð1 − x2Þ5=2ð1 − y2Þ−1=2: ðB6Þ
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b. Spin-1 DM

σll→XX ¼ 1

147456πΛ4
r

s3ð4 − 4x2 þ 3x4Þy2
½ðs −m2

rÞ2 þ Γ2
rm2

r �
ð1 − x2Þ1=2ð1 − y2Þ1=2; ðB7Þ

σqq→XX ¼ 1

442368πΛ4
r

s3ð4 − 4x2 þ 3x4Þy2
½ðs −m2

rÞ2 þ Γ2
rm2

r �
ð1 − x2Þ1=2ð1 − y2Þ1=2; ðB8Þ

σZZ→XX ¼ 1

2654208πΛ4
r

s3ð4 − 4x2 þ 3x4Þð4 − 4y2 þ 3y4Þ
½ðs −m2

rÞ2 þ Γ2
rm2

r �
ð1 − x2Þ1=2ð1 − y2Þ−1=2; ðB9Þ

σWW→XX ¼ 1

2654208πΛ4
r

s3ð4 − 4x2 þ 3x4Þð4 − 4y2 þ 3y4Þ
½ðs −m2

rÞ2 þ Γ2
rm2

r �
ð1 − x2Þ1=2ð1 − y2Þ−1=2; ðB10Þ

σhh→XX ¼ 1

73728πΛ4
r

s3ð4 − 8x2 þ 7x4 − 3x6Þ
½ðs −m2

rÞ2 þ Γ2
rm2

r �
ð1 − x2Þ−1=2ð1 − y2Þ−1=2: ðB11Þ

c. Spin-1=2 DM

σll→NN ¼ 1

4608πΛ4
r

s3x2y2

½ðs −m2
rÞ2 þ Γ2

rm2
r �
ð1 − x2Þ3=2ð1 − y2Þ1=2; ðB12Þ

σqq→NN ¼ 1

13824πΛ4
r

s3x2y2

½ðs −m2
rÞ2 þ Γ2

rm2
r �
ð1 − x2Þ3=2ð1 − y2Þ1=2; ðB13Þ

σZZ→NN ¼ 1

2304πΛ4
r

s3x2ð4 − 4y2 þ 3y4Þ
½ðs −m2

rÞ2 þ Γ2
rm2

r �
ð1 − x2Þ3=2ð1 − y2Þ−1=2; ðB14Þ

σWW→NN ¼ 1

82944πΛ4
r

s3x2ð4 − 4y2 þ 3y4Þ
½ðs −m2

rÞ2 þ Γ2
rm2

r �
ð1 − x2Þ3=2ð1 − y2Þ−1=2; ðB15Þ

σhh→NN ¼ 1

2304πΛ4
r

s3x2

½ðs −m2
rÞ2 þ Γ2

rm2
r �
ð1 − x2Þ3=2ð1 − y2Þ−1=2: ðB16Þ

APPENDIX C: GRAVITON DECAY RATES

The propagator of the nth KK graviton mode, characterized by massmGn
, decay width Γn, and four-momentum k, can be

written in the unitary gauge as

iΔG
μναβðkÞ ¼

iPμναβðk;mGn
Þ

k2 −m2
Gn

þ imGn
Γn

; ðC1Þ

where Pμναβ denotes the polarization sum of the graviton, expressed in terms of the polarization tensors ϵsμνðkÞ for spin s,

Pμναβðk;mGn
Þ ¼

X
s

ϵsμνðkÞϵsαβðkÞ ¼
1

2

�
GμαGνβ þ GναGμβ −

2

3
GμνGαβ

�
: ðC2Þ

Here, the tensor Gμν is defined as

Gμν ≡ ημν −
kμkν
m2

Gn

: ðC3Þ
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For an on-shell graviton, the polarization tensor Pμναβ satisfies

ηαβPμναβðk;mGn
Þ ¼ ηνμPμναβðk;mGn

Þ ¼ 0; ðC4Þ

and

kαPμναβðk;mGn
Þ ¼ kβPμναβðk;mGn

Þ ¼ kμPμναβðk;mGn
Þ ¼ kνPμναβðk;mGn

Þ ¼ 0: ðC5Þ

For extracting relevant graviton-matter vertices, we have utilized FeynRules [156]. In Table III, we have tabulated the
graviton-SM-SM vertices extracted from FeynRules. In all cases, all the momenta pi;j are incoming (toward the vertex),
following the FeynRules convention. We have defined

Cμν;αβ ¼ ½ηαβðpiμpjν þ piνpjμÞ − ημνðpiαpjβÞ þ ηαμpiνpjβ þ ηανpiμpjβ þ ηβμpiαpjν þ ηβνpiαpjμ�;

along with

Dμν;αβ ¼ ηαμηβν þ ηανηβμ − ηαβημν:

1. To Standard Model

a. Before EWSB

ΓG→SMSM ¼ m3
Gn

960πΛ2
r

8>><
>>:

1; Higgs;

6Nc; fermions;

949 massless gauge bosons;

ðC6Þ

where in the last line we have added decay into all massless gauge bosons, i.e., Bμ;Wi
μ, and gluons.

b. After EWSB

ΓG→SMSM ¼ m3
Gn

960πΛ2
r

8>>>>><
>>>>>:

ð1 − 4x2Þ5=2; Higgs;

6Ncð1 − 4r2Þ3=2ð3þ 8r2Þ; fermions;

δð1 − 4r2Þ1=2ð13þ 56r2 þ 48r4Þ; massive gauge bosons;

14 photons;

ðC7Þ

where r ¼ m=mGn
is the ratio of SM to graviton mass, and δ ¼ 1ð2Þ for ZðW�Þ final states.

TABLE III. Three-legged vertices for the graviton-matter interactions in unitary gauge. Here, H is the SM Higgs
field, V ∈W�; Z corresponds to the massive gauge bosons, f corresponds to SM fermions, and G is the SM gluon
field.

Interactions Vertices

GHðp2ÞHðp3Þ ðiκ=2Þðp1μp2ν þ p1νp2μ − ημνp1 · p2 − ημνm2
hÞ

GVðp1ÞVðp2Þ −ðiκ=2Þm2
Vðηαμηβν þ ηανηβμ − ηαβημνÞ þ ðiκ=2ÞCμν;αβ

Gfðp1Þf̄ðp2Þ ðiκ=8Þ½γμðp1 − p2Þν þ γνðp1 − p2Þμ − 2ημνð=p1 − =p2Þ þ 4mfημν�
GAðp1ÞAðp2Þ −ðiκ=2Þ½Cμν;αβðp1; p2Þ − ðp1 · p2ÞDμν;αβ�
GGðp1ÞGðp2Þ ðiκ=2Þδa1a2 ½Cμν;αβðp1; p2Þ − ðp1 · p2ÞDμν;αβ�
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2. To dark matter

ΓG→DMDM ¼ m3
Gn

960πΛ2
r

8>><
>>:

ð1 − 4r2Þ5=2; spin-0;

ð1 − 4r2Þ3=2ð3þ 8r2Þ; spin-1=2;

ð1 − 4r2Þ1=2ð13þ 56r2 þ 48r4Þ spin-1;

ðC8Þ

where r ¼ mDM=mGn
.

APPENDIX D: GRAVITON-MEDIATED SCATTERING CROSS SECTIONS

In the following we consider, x ¼ 2mDM=
ffiffiffi
s

p
and y ¼ 2mSM=

ffiffiffi
s

p
, implying y ¼ 0 before EWSB.

1. Before EWSB

a. Spin-0 DM

σll→SS ¼
s3

7680πΛ4
r

ð1 − x2Þ5=2
ðs −m2

Gn
Þ2 þ Γ2

nm2
Gn

; ðD1Þ

σqq→SS ¼
s3

23040πΛ4
r

ð1 − x2Þ5=2
ðs −m2

Gn
Þ2 þ Γ2

nm2
Gn

; ðD2Þ

σVV→SS ¼
13s3

51840πΛ4
r

ð1 − x2Þ5=2
ðs −m2

Gn
Þ2 þ Γ2

nm2
Gn

; ðD3Þ

σhh→SS ¼
s3

5760πΛ4
r

ð1 − x2Þ5=2
ðs −m2

Gn
Þ2 þ Γ2

nm2
Gn

; ðD4Þ

σgg→SS ¼
7s3

92160πΛ4
r

ð1 − x2Þ5=2
ðs −m2

Gn
Þ2 þ Γ2

nm2
Gn

; ðD5Þ

σγγ→SS ¼
7s3

11520πΛ4
r

ð1 − x2Þ5=2
ðs −m2

Gn
Þ2 þ Γ2

nm2
Gn

: ðD6Þ

b. Spin-1 DM

σll→XX ¼ s3

7680πΛ4
r

ð3x4 þ 14x2 þ 13Þ
ðs −m2

Gn
Þ2 þ Γ2

nm2
Gn

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − x2

p
; ðD7Þ

σqq→XX ¼ s3

23040πΛ4
r

ð3x4 þ 14x2 þ 13Þ
ðs −m2

Gn
Þ2 þ Γ2

nm2
Gn

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − x2

p
; ðD8Þ

σVV→XX ¼ s3

25920πΛ4
r

ð3x4 þ 14x2 þ 13Þ
ðs −m2

Gn
Þ2 þ Γ2

nm2
Gn

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − x2

p
; ðD9Þ

σhh→XX ¼ s3

5760πΛ4
r

ð3x4 þ 14x2 þ 13Þ
ðs −m2

Gn
Þ2 þ Γ2

nm2
Gn

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − x2

p
; ðD10Þ

σgg→XX ¼ 7s3

92160πΛ4
r

ð3x4 þ 14x2 þ 13Þ
ðs −m2

Gn
Þ2 þ Γ2

nm2
Gn

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − x2

p
; ðD11Þ

σγγ→XX ¼ 7s3

11520πΛ4
r

ð3x4 þ 14x2 þ 13Þ
ðs −m2

Gn
Þ2 þ Γ2

nm2
Gn

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − x2

p
: ðD12Þ

BARYON-DARK MATTER COINCIDENCE IN RANDALL-SUNDRUM … PHYS. REV. D 113, 115029 (2026)

115029-21



c. Spin-1=2 DM

σll→NN ¼ s3

7680πΛ4
r

2x2 þ 3

ðs −m2
Gn
Þ2 þ Γ2

nm2
Gn

ð1 − x2Þ3=2; ðD13Þ

σqq→NN ¼ s3

23040πΛ4
r

2x2 þ 3

ðs −m2
Gn
Þ2 þ Γ2

nm2
Gn

ð1 − x2Þ3=2; ðD14Þ

σVV→NN ¼ 13s3

51840πΛ4
r

2x2 þ 3

ðs −m2
Gn
Þ2 þ Γ2

nm2
Gn

ð1 − x2Þ3=2; ðD15Þ

σhh→NN ¼ s3

5760πΛ4
r

2x2 þ 3

ðs −m2
Gn
Þ2 þ Γ2

nm2
Gn

ð1 − x2Þ3=2; ðD16Þ

σgg→NN ¼ 7s3

92160πΛ4
r

3 − 2x4 − x2

ðs −m2
Gn
Þ2 þ Γ2

nm2
Gn

ð1 − x2Þ1=2; ðD17Þ

σγγ→NN ¼ 7s3

11520πΛ4
r

3 − 2x4 − x2

ðs −m2
Gn
Þ2 þ Γ2

nm2
Gn

ð1 − x2Þ1=2: ðD18Þ

2. After EWSB

a. Spin-0 DM

σll→SS ¼
s3

23040πΛ4
r

ð1 − x2Þ5=2ð2y2 þ 3Þ
ðs −m2

Gn
Þ2 þ Γ2

nm2
Gn

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − y2

q
; ðD19Þ

σqq→SS ¼
s3

69120πΛ4
r

ð1 − x2Þ5=2ð2y2 þ 3Þ
ðs −m2

Gn
Þ2 þ Γ2

nm2
Gn

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − y2

q
; ðD20Þ

σVV→SS ¼
s3

51840πΛ4
r

ð3y4 þ 14y2 þ 13Þð1 − x2Þ2
ðs −m2

Gn
Þ2 þ Γ2

nm2
Gn

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − x2

1 − y2

s
; ðD21Þ

σhh→SS ¼
s3

5760πΛ4
r

ð1 − x2Þ5=2ð1 − y2Þ3=2
ðs −m2

Gn
Þ2 þ Γ2

nm2
Gn

: ðD22Þ

b. Spin-1 DM

σll→XX ¼ s3

23040πΛ4
r

ð3x4 þ 14x2 þ 13Þð2y2 þ 3Þ
ðs −m2

Gn
Þ2 þ Γ2

nm2
Gn

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − x2Þð1 − y2Þ

q
; ðD23Þ

σqq→XX ¼ s3

69120πΛ4
r

ð3x4 þ 14x2 þ 13Þð2y2 þ 3Þ
ðs −m2

Gn
Þ2 þ Γ2

nm2
Gn

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − x2Þð1 − y2Þ

q
; ðD24Þ

σVV→XX ¼ s3

25920πΛ4
r

ð3x4 þ 14x2 þ 13Þð3y4 þ 14y2 þ 13Þ
ðs −m2

Gn
Þ2 þ Γ2

nm2
Gn

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − x2

1 − y2

s
; ðD25Þ

σhh→XX ¼ s3

5760πΛ4
r

ð3x4 þ 14x2 þ 13Þ
ðs −m2

Gn
Þ2 þ Γ2

nm2
Gn

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − x2Þ

q
ð1 − y2Þ3=2: ðD26Þ
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c. Spin-1=2 DM

σll→NN ¼ s3

23040πΛ4
r

ð2x2 þ 3Þð2y2 þ 3Þ
ðs −m2

Gn
Þ2 þ Γ2

nm2
Gn

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − y2

q
ð1 − x2Þ3=2; ðD27Þ

σqq→NN ¼ s3

69120πΛ4
r

ð2x2 þ 3Þð2y2 þ 3Þ
ðs −m2

Gn
Þ2 þ Γ2

nm2
Gn

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − y2

q
ð1 − x2Þ3=2; ðD28Þ

σVV→NN ¼ s3

51840πΛ4
r

ð2x2 þ 3Þð13þ 14y2 þ 3y4Þ
ðs −m2

Gn
Þ2 þ Γ2

nm2
Gn

ð1 − x2Þ3=2ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − y2

p ; ðD29Þ

σhh→NN ¼ s3

5760πΛ4
r

2x2 þ 3

ðs −m2
Gn
Þ2 þ Γ2

nm2
Gn

ð1 − x2Þ3=2ð1 − y2Þ3=2: ðD30Þ
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