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Compact Extra Dimensions
Brief Overview

I A 5D field appears as a tower of KK modes
from the 4D point of view.

I A profile of these modes in the extra dimension
and their masses are obtained from solving an
eigenvalue problem.

I The couplings between the KK modes are
proportional to the overlap of their profiles.

GMN =
(

Gµν Vµ

Vµ r

)
,

where Gµν is the tower of the spin-2 modes, vector
modes Vµ vanish if we apply orbifold boundary
conditions on the extra dimensions, r corresponds to
a scalar mode called the radion.



Compact Extra Dimensions
Calculations Going Wrong

MPL

This issue is resolved in the full KK theory leading to |M|2 ' E2/M2
PL

arXiv:2411.02509 [hep-ph]



Stabilised Randall–Sundrum model
Geometry Set-up

• Two 4D spacetime slices (branes) at y = 0 (Planck) and y = πrc (TeV).
• TeV Higgs has exponentially suppressed VEV compared to Planck

Higgs.
• The 4D-effective gravitational coupling is minimally affected between

branes → resolves the hierarchy problem!



Stabilised Randall–Sundrum model
Brane Stabilisation

So far, there is nothing in our model to fix the locations of the branes.
Hence, the whole two-brane set-up is unstable!

We introduce a bulk scalar field Φ̂, bulk V
[
Φ̂
]

and brane Vi
[
Φ̂
]

potentials
resulting in the bulk scalar sector

LΦ = 1
2

√
GGMN∂MΦ̂∂NΦ̂ −

√
GV

[
Φ̂
]

+
∑

i=1,2

√
−ḠVi

[
Φ̂
]

δi (y)


• Bulk potential → non-trivial VEV for Φ̂,
• Brane potential fixes brane locations

The bulk scalar field Φ̂ and radion r̂ mix, generating a Kaluza-Klein tower of
states for the radion.



Stabilised Randall–Sundrum model
Brane Stabilisation

mi

m(0)=mrm0=0

m(0)

The lightest radion state has a VEV-dependent mass mr . Masses of the KK
modes are obtained by solving eigenvalue problems

∂ϕ

[
e−4A∂ϕψn

]
= −r2

c m2
ne−2Aψn,

∂φ

[
e2A(
φ′

0

)2 ∂φγn

]
− e2A

6 γn = −r2
c m2

(n)
e4A(
φ′

0

)2 γn,
→

{∫ π

−π
dφe−2A(φ)ψi (φ)ψj (φ) = δij ,

6r2
c m2

(n)

∫ π

−π
dφ e4A(φ)(

ϕ′
0(φ)
)2 γn(φ)γm(φ) = δmn,

for spin-2 and spin-0 sectors respectively → depends on the geometry
through the warp-factor A.



Stabilised Randall–Sundrum model
Backreaction
The background geometry is parametrised as

η
(RS)
MN =

(
e−2A(y)ηµν 0

0 −1

)
→


G(RS)

µν = e−2(A(y)+û)
(

ηµν + 2

M
3
2

5

ĥµν

)
,

G(RS)
55 = − (1 + 2û)2 ,

with
û = e2A(y)

√
6M

3
2
5

r̂ .

The warp factor is given by

A(y) = k|y | + φ1
48
(
e−2u|y | − 1

)
,

which contains two contributions, one from curvature of the extra dimension
and the other one from the backreaction due to non-trivial VEV of the bulk
scalar field (as per EFE: curvature = stress-energy tensor).



Stabilised Randall–Sundrum model
Backreaction
→ Fix the extradimensional curvature by considering a zero VEV limit.
→ Run the bulk scalar VEV to see the effects of the backreaction.
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Stabilised Randall–Sundrum model
Backreaction
Light radion models → phenomenological viable region constrained by direct
detection and collider searches:

DM relic density is saturated through spin-2 resonances. More on Friday . . .



Stabilised Randall–Sundrum model
Backreaction

Large backreaction →
region of space around the
Planck brane where the
background curvature
changes sign (AdS → dS).
Avoid this issue by limiting
ourselves to parameters
where mr = 400 GeV.
This is analogous to a
massive body (such as the
Sun) affecting the
background curvature.
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Stabilised Randall–Sundrum model
Dark Sector
The dark Sector interacts with the visible sector exclusively via gravitational
interactions from the KK sector:

• DM annihilation to SM through the KK portal

∞∑
k=0

DM

SMDM

SM

Gk
+

∞∑
l=0

DM

SMDM

SM

rl

• DM annihilation to KK final state (graviton modes Gn and radion
modes rn) → naive calculation yields a spurious divergence

DM

GiDM

Gj

+

DM

GiDM

rj

+

DM

riDM

rj



WIMP Freeze-out
Velocity-averaged Cross-section

Unlike models with light radion, where the relic density cannot be satisfied
with the scalar dark matter candidate, scalars can saturate relic density
through the radion portal:



WIMP Freeze-out
Collider and Direct Detection Constraints

• Large backreaction pushes the mass of the first spin-2 KK mode all the
way up to about 8 TeV → well beyond LHC limit of 2.8 TeV and
projected HL-LHC limit of 3.8 TeV for the cut-off scale of 40 TeV.

• Direct detection cross-section scales as

σ ∝ 1
Λ4

πm4
r

,

→ for Λπ = 40 TeV and mr = 400 GeV falls well below the neutrino
floor.

Therefore, in the stabilised RS model with heavy radion, freeze-out of the
scalar dark matter candidate can saturate the relic density while evading
both collider and direct detection constraints.

Our work on the models with light radion → arXiv:2411.02509 [hep-ph]



Summary
Conclusions and Future Work

I In the models with heavy radion, scalar DM candidates can saturate
the relic density through the radion resonance. These models evade
collider constraints due to large backreaction affecting the masses of
the spin-2 sector and direct detection constants due to the direct
detection cross-section scaling with ' m4

r .
I Alternatively, we can have a freeze-in scenario through the radion

resonance or a freeze-in of the radion itself.
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