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Solving the HP?




Solving the HP?

Many proposals have been advanced
to solve the Hierarchy Problem. To name a few:

SUPERSYMMETRY (MSSM, mSUGRA, split, NMSSM, etc)

What then?

nave peen aiscovered at the LHU,
after Run | and Run Il.
We have many bounds, though....



(F-word) the HP!




(F-word) the HP!

Mavhe. we coilld salvaacde some of thesge ideas.

| will review our attempt to explain
the observed
DARK MATTER RELIC ABUNDANCE Qpm
using
EXTRA-DIMENSIONAL MODELS



Evidence for Dark Matter

Galaxy clusters Structure formation
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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, JHEPO02 (2017) 036)
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Features of RS and CW/LD

Large Extra-Dimensions
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Geometry of RS and CW/LD
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4-D tower massive

5D massless graviton @@= .01 (KK Theory)



KK-Spectra of RS and CW/LD
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KK-Spectra of RS and CW/LD
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DM on the IR-brane

Gravitational Action in the Einstein frame (+,-,-,-,-)
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Branes Actions
(depending on the model,
they can be at 0 or i)
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Parameter space

* The interaction between the particles located in the IR
brane and the gravitons is given by:

1
— v T v (n)
L= — ST () hy (3 § T*" ) (),

Free Parameters

Randall-Sundrum Clockwork/Linear Dilaton

A,mg,,mpum Ms., k,mpn

k‘ﬁmgl



Parameter space

* The interaction between the particles located in the IR
brane and the gravitons is given by:

L=— =72 T (z)hy (2, y =0) = — ’
]\[5 n=1
Free P. Enhancement of gravitational coupling
with respect to 4D
Randall-Sundrum Clockwork/Linear Dilaton
A,mg,,mpm Ms, k,mpm

ki‘mgl



Stabilization of the ED

* The distance between the two 4D-branes is determined by . , to
stabilise dynamically this distance is necessary a scalar field in the

5D-bulk (Radion).

Randall-Sundrum Clockwork/Linear Dilaton
* It is necessary to introduce a * We can use the already present
new field. bulk dilaton field (¢,,).
* This field mixess with the * The 5D dilaton field can be
component G52 resulting in the written as a KK tower
radion field r. ]
2 2 2
m, = mg. = —k
New Free 4 o
m, —» ¢
parameter! , , N2

Goldberger-Wise mechanism n 2



Radion interactions

1 1 apym Cem asCs
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Previously neglected when

computing DM annihilation Relevant to

enforce unitarity
Folgado, Donini and Rius,

JHEP 01 (2020) 161 de Giorgi and Vog|,
JHEP 04 (2020) 036 JHEP 04 (2021) 143;
Eur. Phys.J.C 81 (2021) 3, 197 JHEP 11 (2021) 036



1) Freeze-out (WIMPs)
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Rueter, Rizzo and Hewett,
JHEP 10 (2017) 094
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DM annihilation
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Not previously
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Annihilation into gravitons

m, = 100 GeV, Mg, = 1TeV, A = 10TeV
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However...Enforcing unitarity

Triple graviton and radion vertices (and combinations) are

((1/Mp)

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



Annihilation into gravitons

m, = 100 GeV, Mg, = 1TeV, A = 10TeV
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LHC bounds: RS
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Resonant searches at Run I
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LHC bounds: CW/LD
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The strongest
constraints are given by
the non-resonant
searches at LHC.

The orange area is the
region of the parameter
space in which the
effective theory is not
consistent.

Non-Resonant searches at Run Il



Adding constraints: RS
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Adding constraints: RS
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Adding constraints: RS

s LHC yy LHC HL =3 A<mg
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RS

Adding constraints
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Final results: RS
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Remarks for WIMPs




2) Freeze-in (FIMPs)

Y Freeze-out
Y = n(T)/s(T)
2 2
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100

Freeze-in z=m/T

, , Evolution of the DM density
(Y=(x) = Yz, (7)) with the temperature
(only valid for Direct Freeze-in)
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Relevant processes

Sequential Freeze In

Direct Freeze In
* DM production via graviton
and radion decay.

* DM production via virtual
graviton and radion exchange SM G»<
SM DM SM DM \,\’\'\‘

DM
/ SM —
DM  SM e \
SM a

p—

IS A/ DM

Careful to avoid double counting here

DM



The Boltzmann equations

Y _ omesm (Y 2_1 +'7f‘(K—>DM Y (Y
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Approximate solution

* The Boltzmann equation solution in the Freeze in case can be
approximated by:

135 10 3 YpDM—ssm(T')
Y(T) ~ 3 — Mp — = ( dI’
2T Qus \ Ox T T

* The relevant value is the abundance today

YO — Cl’ << Clirh

* The value of the reheating temperature is fixed in order to
obtain the measured DM abundance.

Trh — f(mDMamla Aa mr)

Maximal temperature reached by the SM thermal bath



Final results: RS
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Final results: CW/LD
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Remarks for FIMPs




Outlook




Outlook
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Overall conclusions




Backup slides



Bounds from resonance searches at LHC
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Bounds from Direct Detection experiments
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In our analysis we have fixed the scale using the restriction

(ov) = f(mpum, A, ma, =250GeV) = 2.2 x 107*°cm? /s



Bounds from Direct D
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etection experiments

k= 250GeV

The DM-nucleon
scattering cross section
Is too weak to constrain
the model in any point
of the analysed region.

Scalar



Radion impact in the phenomenology (scalar DM)

The correct relic abundance is
only achieved with the radion
when:

mpm ~ M, /2
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\ A =8TeV

ma, = 3 1eV

m, = 1TeV

The total annihilation cross section is weakly dependent of the
radion mass out of the radion mass resonance.



