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Motivations

The Standard Model works extremely well,  
but…. 

it is not the End of (high-energy physics) History

Neutrino masses…. 
Dark Matter…. 

Baryogenesis…. 
Dark Energy…. 

Quantum Gravity…

If the SM is an effective  
(low-energy) theory

HIERARCHY PROBLEM



Solving the HP?
Many proposals have been advanced  

to solve the Hierarchy Problem. To name a few: 

SUPERSYMMETRY (MSSM, mSUGRA, split, NMSSM, etc) 
TECHNICOLOR (walking, running, extended, etc) 

COMPOSITE HIGGS 
EXTRA-DIMENSIONS (flat, RS, CW/LD, …) 

Other ideas I forgot (but maybe you don’t)… 

No hints of any of the implications of these  
solutions to the HP 

have been discovered at the LHC,  
after Run I and Run II. 

We have many bounds, though….
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What then?



(F-word) the HP!
Maybe, we could salvage some of these ideas,  

and use them to solve one (or more) of the observational 
open problems of the SM. Choose from the previous list: 

Dark Matter, Dark Energy, Neutrino Masses, Baryogenesis, 
Quantum Gravity,…

Why? 

Because they are very clever ideas, with huge parameter space,  
with the drawback that they do not work to solve the HP
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and use them to solve one (or more) of the observational 
open problems of the SM. Choose from the previous list: 

Dark Matter, Dark Energy, Neutrino Masses, Baryogenesis, 
Quantum Gravity,…

Why? 

Because they are very clever ideas, with huge parameter space,  
with the drawback that they do not work to solve the HP

I will review our attempt to explain 
the observed  

DARK MATTER RELIC ABUNDANCE ΩDM 
using  

EXTRA-DIMENSIONAL MODELS



Evidence for Dark Matter



Why Extra-Dimensions?

The only evidence for Dark Matter is 
that it GRAVITATES

Extra Spatial Dimensions are usually a key 
ingredient in attempts to QUANTISE GRAVITY  

In extra-dimensional frameworks,  
gravity is stronger than in 4-dimensions: 

GRAVITATIONAL PORTAL



Extra-dimensions
1. Add one or more spatial dimensions to your space-time 
2. Choose some geometry 
3. Compactify extra spatial dimensions 
4. Add SM fields at some defects in your manifold (branes)

Extra-dimensional models in the literature
A. Large Extra-Dimensions (Antoniadis et al., Phys. Lett. B436 (1998) 257) 
B. Warped (Randall and Sundrum, Phys. Rev. Lett. 83 (1999)  3370) 
C. Clockwork/Linear Dilaton (Giudice and McCullough, JHEP02 (2017) 036)
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Features of RS and CW/LD
D = 4 + 1

M5 = M4 x Z2



Geometry of RS and CW/LD



KK-Spectra of RS and CW/LD 



KK-Spectra of RS and CW/LD 



DM on the IR-brane
Gravitational Action in the Einstein frame (+,-,-,-,-)

RS

CW/LD

Branes Actions 
(depending on the model, 

they can be at 0 or π)



Parameter space



Parameter space

Enhancement of gravitational coupling 
with respect to 4D



Stabilization of the ED



Radion interactions

+ O (r2) + O(r3)

Relevant to 
enforce unitarity

 de Giorgi and Vogl, 

JHEP 04 (2021) 143; 

JHEP 11 (2021) 036


Previously neglected when 
computing DM annihilation

Folgado, Donini and Rius, 

JHEP 01 (2020) 161

JHEP 04 (2020) 036


Eur. Phys.J.C 81 (2021) 3, 197




1) Freeze-out (WIMPs)

x ⌘ mDM/T

Y ⌘ n(T )/s(T )

s(T ) =
2⇡2

45
g⇤s(T )T

3

dY

dx
=

�xh�vis
H(mDM )

(Y 2(x)� Y
2
eq(x))

Evolution of the DM density  
with the temperature



DM annihilation

Rueter, Rizzo and Hewett, 

JHEP 10 (2017) 094



DM annihilation

Lee, Park and Sanz, 

EPJC 74 (2014) 2715

JHEP 05 (2014) 063

Rueter, Rizzo and Hewett, 

JHEP 10 (2017) 094



DM annihilation

Not previously 
considered: 

Folgado, Donini, Rius (2020)



Annihilation into gravitons

Scalar DM Dirac Fermion DM Vector DM

mr = 100GeV,MG1 = 1TeV,⇤ = 10TeV



However…Enforcing unitarity

Figure 4: Feynman diagrams contributing to �� �! GiGj .

3.2 Graviton and radion final states

The situation is more complicated when gravitons and radion in the final states are con-

sidered. In contrast to annihilation into SM fields which only depend on the interaction

between the gravitons and the energy-momentum tensor we now need to include also the

self-interaction of the gravitons, the radion-graviton coupling, and the e↵ective four-point

interactions ��GiGj , ��Gir and ��rr in our analysis. A set of representative Feynman

diagrams for the case of annihilations into two gravitons is shown in Fig.4. The relevant

Feynman rules and expressions for the coe�cients of the graviton/radion interactions are re-

ported in the appendix of [18]. Treating processes with external gravitons correctly is subtle.

In the following, we briefly recapitulate the results of [18] where we discussed the challenges

associated with graviton production in the Randall-Sundrum in detail, see also [20, 21] for a

related discussion on graviton scattering.

The longitudinal mode of the polarization tensor of massive spin-2 fields is proportional

to s/m
2 which leads to a strong growth of the matrix elements with external gravitons in

the high energy limit. Taking only the lightest graviton into account the matrix element

�� ! G1G1 grows as M / s
3. Specializing to the case of DM annihilations this would

imply a very strong growth of the associated cross section with m�, see for example [7, 10].

This behavior is not altogether unexpected since an even worse growth of the amplitudes has

been observed in spin-2 particle scattering amplitudes before [19, 36, 37]. In the absence of

additional new physics, this leads to a breakdown of perturbative unitarity at a scale well

below the naive e↵ective scale of the theory ⇤ [38]. This is puzzling as the 5D graviton

whose 4D decomposition leads to the Randall-Sundrum model does not have this issue. The
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Figure 3: �� �! rGn — Representative diagrams contributing at leading order.

which leads to our only sum rule from radion final states:

X

m

k2e�2µ⇡ �̃nmr

m2
m

= 1� �nrr . (3.10)

This condition relates the graviton-radion-radion coupling and the graviton-graviton-radion

coupling.

4 Sum rules

After having identified the sum rules that ensure the cancellation of contributions that grow

faster than s, we now show that these hold in the Randall-Sundrum model. Before starting

in earnest, it is important to note that the sum rules for the �-couplings can be derived from

relations that only involve �̃ since their sums are related. In fact this even goes beyond the

large µ limit and one can already show this at the level of the a and b coupling. Integration

by parts of bnkm leads to

bnmk ⌘

⇡Z

�⇡

d' A4@' n@' m k
I.b.P.
= �

⇡Z

�⇡

d'  n@'
�
@' mA4 k

�
=

= �

⇡Z

�⇡

d' n k@'
�
A4@' m

�
�

⇡Z

�⇡

d' A4@' k@' m n = (mmrc)
2ankm � bmkn .

(4.1)

The large µ limit we are interested in allows to separate the part that depends on µ from the

rest. This was already achieved with the use of �, �̃ that are related to a, b through

anmk = �nmk
p
µeµ⇡ ,

bnmk = �̃nmkµ
5/2e�µ⇡ .

(4.2)
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Triple graviton and radion vertices (and combinations) are 

O(1/Mp)  

and not O(1/Mp3) as one would naively think



Annihilation into gravitons

Scalar DM Dirac Fermion DM Vector DM

mr = 100GeV,MG1 = 1TeV,⇤ = 10TeV

(a) (b) (c)

Figure 5: Thermally averaged cross section into the a) G1G1, b) G1G2, and c) G1-radion final

state for a representative set of parameters (⇤ = 20 TeV, m1 = 1 TeV and mr = 100 GeV).

The full numerical result obtained by including the KK-tower up to the first 20 gravitons is

shown in red (solid) while the naive result obtained by truncating the tower after the highest

graviton in the final states is shown in black (dashed). In blue (dot-dashed) we show our

approximation for the high m� limit. The temperature is taken to be T = m�/20 as in Fig. 3.

above (blue, dashed). While this result is not able the capture to behavior for masses close

to the threshold, the agreement with the numerical computation is quite good for m� & 3m1

and it reproduces the large mass behavior correctly.

3.3 Total cross section

Let us now turn to the total annihilation cross section. The cross section into SM particles is

well described by Eq. 3.3 and Eq. 3.4 provided m� � mt. In the case of graviton and radion

final states, the situation is a little bit more involved. Here, we have to take into account

that more channels open as m� increases. The analytic approximations do not capture the

channels with mn close to m�. Nevertheless, if more channels are open the bulk of them can

be captured by Eqs. 3.12-3.15. and the total cross section in RS-particles is given by

�RS =
X

i+j2N

�GiGj
+

X

i2N

�rGi
+ �rr ⇡ cN

2
�G1G1 , (3.16)

where GN is taken to be the heaviest graviton pair that can be produced. Due to their larger

multiplicity, the sums are dominated by the mixed GiGj final. Identifying N =
p
s/2�m

where �m is the mass spacing between the gravitons we find an estimate of total cross section

into gravitational fields that captures the scaling in the large mass limit. The parameter c

is an O(1) number that corrects for the fact that not all final state gravitons masses can be

neglected in this sum. Weighting every channel by the phase space factor
q
�(s,m2

i
,m

2
j
)/s,
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Folgado, Donini and Rius, 

JHEP 02 (2022) 129 (erratum)Λ = 20 TeV



LHC bounds: RS

ATLAS:	Search	for	new	
phenomena	in	high-
mass	dilepton	final	
states	using	37		
				(1707.02424)	

ATLAS:	Search	for	new	
phenomena	in	high-
mass	diphoton	final	
states	using	37			
				(1707.04147)	

Resonant searches at Run II



LHC bounds: CW/LD

Non-Resonant searches at Run II



Adding constraints: RS

Allowed with a 
fine-tuned  

radion mass,  
excluded otherwise
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Xenon 1T 
Direct Detection bound
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excluded otherwise

36 fb-1 LHC Bound
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36 fb-1 LHC Bound

Unitarity
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Allowed with a 
fine-tuned  

radion mass,  
excluded otherwise

Unitarity

36 fb-1 LHC Bound Consistency of the effective theory: 
Λ < mG1, mDM



Adding constraints: RS

Allowed with a 
fine-tuned  

radion mass,  
excluded otherwise

Unitarity

Consistency of the effective theory: 
Λ < mG1, mDM

Foreseen Bounds 
at LHC Run III and HL-LHC



Final results: RS

Values of Λ  
needed  

to achieve ΩDM

Allowed regions 
(after adding triple 

vertices)

Scalar DM Dirac Fermion DM Vector DM



Final results: CW/LD

Work in progress to include triple vertices and recompute LHC bounds 
(Donini, Landini, Muñoz, Rius) 



Final results: CW/LD



Remarks for WIMPs
We may achieve the observed DM relic abundance 

in an extra-dimensional framework within 
the freeze-out paradigm, 

both in RS and CW/LD geometries

However, the effective interaction scale 
is  O(10-1000) TeV for RS 

and O(10-100) TeV for CW/LD 
(maybe a Little Hierarchy Problem?)

Typically, SMALL regions in the parameter space are allowed



x ⌘ mDM/T

Y ⌘ n(T )/s(T )

s(T ) =
2⇡2

45
g⇤s(T )T

3

Evolution of the DM density  
with the temperature 

(only valid for Direct Freeze-in)

Freeze-out

dY

dx
=

�xh�vis
H(mDM )

(Y 2(x)� Y
2
eq(x))

Freeze-in

2) Freeze-in (FIMPs)



Relevant processes

Careful to avoid double counting here



The Boltzmann equations

Taking into account 
both Direct and Sequential Freeze-in



Approximate solution

Maximal temperature reached by the SM thermal bath 



Final results: RS



Final results: CW/LD



Remarks for FIMPs
We may achieve the observed DM relic abundance 

in an extra-dimensional framework within 
the freeze-in paradigm, 

both in RS and CW/LD geometries

Typically, HUGE regions in the parameter space are allowed

<

However, the effective interaction scale 
is  Λ > 10 TeV for RS 

and M5 > 10 TeV for CW/LD 
(maybe a Little Hierarchy Problem?)

Very low values of Trh are allowed. Does this make sense?



Outlook
We are looking for INFLATIONARY MODELS 

in extra-dimensional frameworks 
with low reheating temperature: not there yet… 

However, we have found that  
a common feature of RS and CW/LD 

is to have a modified Friedmann Equation



Outlook
We are looking for INFLATIONARY MODELS 

in extra-dimensional frameworks 
with low reheating temperature: not there yet… 

However, we have found that  
a common feature of RS and CW/LD 

is to have a modified Friedmann Equation

New viable inflationary models Bernal, Cosme, Donini and Rius,

in preparation



Overall conclusions
Extra-dimensional extensions of the Standard Model 

seem to give possible solutions to some of its open problems, 
although they do not solve the original problem they were 

proposed for, the HIERARCHY PROBLEM

… 
… 

Who does it, anyway?

It seems to me fruitful to explore further this framework, 
keeping in the back of my mind that 

Extra-dimensions may be a step 
Towards understanding Quantum Gravity 



Backup slides










