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1) Introduction

Only gravitational evidence of DM ...

... but maybe in extra dimensions there are possible
observational signatures

Extra Dimension theories were proposed at the end of the
XX century in order to solve the hierarchy problem.

Large Extra-Dimensions (LED) =======p extra dimensions flat

Randall-Sundrum (RS) \

warped extra dimensions
Clockwork/Linear Dilaton (CW/LD) ol

Giudice. McGullough, THEP 02(2017)036
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Mini-review of extra dimension scenarios

5-Dimensional Metric

ds? = ¢2°W) (Nudztdx” — e_zw(y)rgdf)

Large Extra-Dimensions Randall-Sundrum

¥1(y)=0
M? = M5327T7“c

Volume factor

Clockwork/Linear Dilaton

o o(y) = %krc‘w

Warping factor
k, M; < Mpl



Randall-Sundrum Clockwork/LD

y=0 Y = T Yy = T y=0
k \ k
5D Bulk 5D Bulk [l]
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5D Graviton field Guv = Ny + hW

Xn (Y)

Ve

KK decomposition: fLW(x, Y) = Z hio ()
n=0

(PH" 4 mi)hi () =0
20(y)
InR-St !7(0) =~ [alen) " Yalen)]  2,(y) = m /e

In CW/LD: v, (y) = N,e "[sin(B,y) + w, cos(B,y)]

5D massless graviton  gum==lp 4D tower massive KK
gravitons
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Randall-Sundrum

y=0 Y =TT,

5D Bulk

uv IR
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\ Mass spectra
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Brane distance stabilization mechanism

The distance between the two 4D-branes is determined by Ic,
to stabilise dynamically this distance a scalar field in the 5D-

bulk is introduced (Radion).

Randall-Sundrum

New Free

My =»
parameter

Goldberger-Wise mechanism:
typically m, < my

Clockwork/Linear Dilaton

* Already present bulk dilaton
field (®,,).

 The 5D dilaton field can be
written as a KK tower:

o]
ms=mf = —k*
| 9
2
n
mf = k°+ —



* Here, I focus on Randall-Sundrum scenario (dual to a 4D
strongly interacting model)

* SM and DM in the IR brane

« CW/LD studied in A. Donini, M.G. Folgado, N. Rius, JHEP 04
(2020) 036, N. Bernal et al., THEP 04 (2021) 061

* From the weak field expansion of the metric:
ds* = e 2" Ve (1, + hy, )dztdx” — (1 + 2r)*dy?

 Graviton-matter interaction:

1 | 1 | 1 | q
L =1 3,2T“' X)hp (x,y =1)=" WT“' (X)hﬁi (x) ! T T (x)hpy (x)
5 n=1
 Radion-matter interaction: A = Mple—wkrc
1 | ! !
o= b T MO ey 908 pa pan
6! 8" 6 8" 6 -

a

 Gravitational field interactions (3rd order expansion)
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2) Freeze-out DM

1071 Qpwh? = 0.1186 + 0.0012 Y = n(T)/S(T)
104 (oV)eh =2.2-10726cm3/s 2| 2
R 1077 - S(T) — 4_5g' S(T)T3
S X 1 20" 2t
< 10-10
\\\ X! Mmpwm IT
10—13_
1071 Yeq(X)
— Y(X)
10! 10° 10 102  10%
X =mpu/T
dY I X"l v&s
- : 2 2
—— = (Y2(x) ! Yeg(X))
dx H (m DM )
ot %._ %._
V" # ds(s$ 4mpy ) S!an(S)K1( s/T)
4mD|\/|

=2.2& 10 *°cm®/s
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Only DM-SM scattering (mediated by KK gravitons)
Rueter, Rizzo, Hewett, JHEP 10 (2017) 094

SM + DM in the IR brane

3rd generation quarks in the IR brane, fermions near the UV
brane, gauge fields in the bulk (avoid LHC strong bounds)

All SM in the bulk, with different BLKTs (to explain fermion
massses and CKM mixing matrix)

DM annihilation into KK gravitons Min Lee, Park, Sanz
Eur.Phys.J.C T4 (2014) 2715, JHEP 05 (2014) 063

DM and Higgs in the IR brane, SM in the UV brane
Only DM in the IR brane
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Scalar| Fermion| Vector |

\ | Graviton Virtual Exchange | v*(d) | v2(p) | VO(s) |
NP X ; .
Ry 8 3- Radion Virtual Exchange | V0(s) | v2(p) | VO(s) |
/) |\ Annihilation into Gravitons | v0(s) | Vv0(s) | VO(s) |
/,/(b ¥ = Annihilation into Radions | v (s) | v2(p) | VO(s) |
’ Annihilation into Radion + Graviton| VO (s) | VO(s) | v°(s) |
>
\\\¢ M \\\¢
\\I G, \\I Gy
0 &
/’%\VC\:'\'\,\’J'\’\\ i G]
-7 -7
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Gravitational portal to DM in
Xdims

Scalar| Fermion| Vector |

|
| Graviton Virtual Exchange | v¥(d) | v2(p) | VO(s) |
3- Radion Virtual Exchange | VO(s) | vZ(p) | VO(s) |
|\ Annihilation into Gravitons | v0(s) | VvO(s) | VO(s) |
0= Annihilation into Radions | v (s) | v2(p) | VO(s) |
Annihilation into Radion + Graviton| VO (s) | VO(s) | v°(s) |
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Gravitational portal to DM in
Xdims

Scalar| Fermion| \ector

| |

| Graviton Virtual Exchange | v (d) | v2(p) | VO (s) |
3- Radion Virtual Exchange | VO(s) | vZ(p) | VO(s) |
|\ Annihilation into Gravitons | v0(s) | VvP(s) | VO(s) |
3N= Annihilation into Radions | v (s) | v2(p) | VO(s) |
Annihilation into Radion + Graviton| v (s) | vO(s) | vO(s) |




Anomalous enhancement due to the sum over massive KK
graviton polarizations

—-= Virtual Graviton Exchange -=- DMDM — rr DM DM — nsz” Gm

— — Virtual Radion Exchange ~ - DMDM — G, r '
= T
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Mpm [TeV]
Scalar Fermion Vector

m, =100GeV,Mg, =1TeV,!I =10TeV

<o K fermion: k =2
O'(DM,DM | GnGn)" |—2 W
' n scalar, vector: k = 4
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Scalar DM

* It is needed to sum over the infinite tower of KK gravitons in
the s channel

Giorgi, Vogl, JHEP 04 (2021) 143; N WMG/
THEP 11 (2021) 036 P
//qb G

Subtle cancellations due to sum rules of Bessel functions (wave
funtions of KK gravitons )

Radion contribution is also essential

2 5 1 2 5 05 1 2
my [TeV] my [TeV] my [TeV]

et = 100 GeV, Mg = 1 TeV, ! =20TeV =



Final result, as expected : | (DM, DM | G,G,) " Iiz

Analogous result for

2
S

11 S:
(DM.DM | Gnr) " 5 z

- Vector and fermion DM, as well as CW/LD: work in progress
with A. Donini, G. Landini, A. Munoz
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c B [pb]
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Bounds from resonance searches at LHC
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Scalar fermion vector

- LHCRun3 Unitarity A< mg,
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3) Freeze-in DM

108 Freeze-in 1108

mDM=10 MeV
110°
(ov)—=10"8 pb
EesEEsEEEEEEE e 102

1071
\(av)«lO‘14 pb

\ . . . 1104

102 103

DM is a Feebly Interacting Massive Particle (FIMP)
It never reaches thermal equilibrium
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Scalar DM

Direct Freeze In

* DM production via virtual
graviton and radion
exchange

SM DM SM P
SM DM SM °
Relevant when G,! are in

thermal equilibrium
orT <m, m

M

M

Sequential Freeze In

* DM production via graviton

and radion decay.

SM G,¢ "
hy .
\’\\’\‘ DM
G, ¢

SM
DM
SM DM
: G’¢ G7¢ :
SM DM
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* Sequential freeze-in: Boltzmann equations for DM, G and !

* SM-G, G, scattering suffers from unphysical divergence when
m, << s ¢T2 (work in progress)

* Approx. solutions:
1) Direct freeze-in: T < m,

” .
d_YI DM 1 sMm 2..1 v 'DM! SM
dT HsT Y €d ' HsT
49 8 |" 1 ° s3 1
opm! sm(S) ! { |+

14407 1 4

s" m2+imp",! 288r! 4 (s" m2)2+ m2"?2

3" 10t 10 Mp

Yo !
° O's g mfle
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2) Sequential freeze in via inverse decays:

dY | 'Rkrsm Y

K 1]
HsT Y

dT

1 #

!Il |d
HsT

Summing over G, with m, < T,

2.2x107* [I0MpT?
YO ~ . P rh -+
g*s gs ml! 2
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KK SM
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3.5 x 102

HsT Y*™

| d
rl SM

Mpm,

N. Rius

Oss

/ 10
Js

! 2

(

" 1 BR(r# DM)

Z
Z + 37

23

BR(r # DM)S

)



3) Sequential freeze in via annihilations

dyY 1
dT " HsT [' KK 1 SM BR(KK # DM) + !r! SM BR(I’# DM)]
’ L to be corrected
e su(T) ! 48" 10° ( )
n
T8
Yr—sm(T) ! 22" 10_4
102
101.0_
¢ 10-
s
10P-
. m— Total
. // ¢ // A\ —— Direct FI
104 EECEES 223 Ez :22

- | 10 10 10 1010 1013
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Fermionic DM

* Only sequential freeze-in via inverse decays

* Radion contribution suppressed, since f m?y,
Thermalization
BBN (", > 10s)

* Constraints from velocity distribution of DM: too fast due to
Warm DM bound

KK graviton late decays
Y FTTITTIT 77
meshed: KK no LL

A

1\
106
/ Strong dependence
on T,
ww  Constant T,

10 10 =
mpm[TeV] [TeV]

Giorgi, Vogl, arXiv:2208.03153
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4) Summary and outlook

Importance of summing over all KK graviton modes to recover
unitarity

WIMP DM freeze-out strongly constrained by LHC (unless SM
is not confined on the IR brane)

Giving up the hierarchy problem, plenty of room for FIMP DM
freeze-in

To do:

Sum rules for fermion and vector scattering to

G, G, and G, r in RS scenario (Donini, Landini, Munoz)
Sum rules for other Xdim models: CW/LD, Flat
Constrict ‘full inflationary models (Bernal, Cosme, Donini)



