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Intro

—————

® Compelling evidence for the existence of Dark Matter (DM) on different astrophysical scales (galactic,
clusters of galaxies, cosmological scale,...)

® — 84Y% of the matter 1n the Universe 1s DARK

® DM candidate: stable (lifetime must be long compared to cosmological timescales), (dominantly)
Non-relativistic, electrically neutral and colorless. (Only?) gravitational interactions

® Usual problem with DM candidates (e.g. WIMPs): Conflict between relic abundance and direct/

indirect/accelerator searches because of interactions with the SM



Intro

DM LANDSCAPE

Warped extra dimensional model with three 5-branes, an

extended Randall-Sundrum (RS) model

80 orders of magnitude

<< >
MOG | ' - y ( il : QCD a.xion WDM limit unitarity limit
1022eV e keV GeV 10TV My 10 M
I | | | |
>
TeVeS 1 s B N B | . |
“Ultralight” DM ““Light” DM WIMP  Composite DM Primordial
(Q-balls, nuggets, etc)
MoND non-thermal dark sectors s black holes
bosonic fields sterile v

can be thermal

N

Tongyan Lin °19
TAST lectures on DM

Superfiuid toractiog '\

Bertone and Tait, Nature °18
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DARK MATTER
(SECTOR) SETUP




The simplest 5D model

UV (Planck) Occam’s razor
______ SM (TEV) RS confined phase (low T):
.... warp factor ds* = e_ZA(Z)nﬂydx”dx” — dz”
light(X)

gnt
‘ DB (~GeV)

SGWB , , |

graviton, radion, @ — X
SGWB 9P | Brane Scales
Rheavy(x) denoted as p

x 4 S. Girmohanta, S. J. Lee, Y. Nakai and M. Suzuki, 2304.05586
E. Megias, G. Nardini, M. Quiros, 2306.17071

% - FK, E. Megias, S. Pokorski, M. Quiros, 2403.06276
0 Z S.J. Lee et al., 2109.10938



PTA's SGWB with three branes

.

/'See Mariano’s talk™

. on PBH

1
BH deconfined phase (high T):  ds* = e *AI[h(z)dt* — dx*] ” )dzz
4

RS confined phase (low T): ds* = e_zA(Z)anx”‘dx” — dz” /

Intermediate phase Partl : Final phase
_ y confined Full fined
Symmetric phase " . ully confine
V4 P transition phase transition ohase
I ———— PI——
7—_‘ I ——
'
:
l : l
I B
1
L%jT —>
(R) ~TeV,(r) =0
1
1
| ! | B 17 !
95’0 Event 95’0 Event 95’0 ‘%T Event 0 T Evept %’O B B, Event
horizon horizon horizon horizon

E. Megias, G. Nardini, M. Quiros, 2306.17071
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The message

® DM interacts only “gravitationally” via radions and massive KK gravitons

® DM relic abundance obtained via annihilation into radions whereas its detection signatures via
interactions with the SM

® Assuming that the PTA experiments have found a new physics scale around the GeV
(Appa ~ GeV) scale, our proposal would suggest that the new scale can be provided by the dark
matter sector 1 our Universe



Other scenarios

Two branes models

B. von Harling and K. L.. McDonald, JHEP 08 (2012) 0438

H. M. Lee, M. Park and V. Sanz, Fur. Phys. J. G 74 (2014) 2715
M. G. Folgado, A. Donini and N. Rius, JHEP 01 (2020) 161
A. de Giorgi and S. Vogl, JHEP 11 (2021) 036

A. de Giorgi and S. Vogl, JHEP 04 (2023) 032

[ hree branes models

S. Ferrante, A. Ismail, S. J. Lee and Y. Lee, JHEP
11 (2023) 186
Andrea Donini et al, arXiv: 2505.1360,
2509.04580
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Radion interactions

_6_2F(z’m)7ywdx“dx” + (1 4+ 2F (=, x))deQ_

where a, =
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The setup

® T'he model has 3 free parameters:

M
1. 7T he scale of the Dark Brane p, = %pl. [ts range to describe the PTA data s

10 MeV < p, £ 10 GeV, but in principle we also have considered a broader range

2. The DM mass m,. We consider it in the range . In this way the non-
relativistic annihilation into gravitons KR modes cannot take place

3. The radion mass m,. We will assume that m, < m, and m, < p,. In this way the

radion decay v — yj s closed and only the channel r — SM + SM s kinematically
accessible

1
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0.50.

0.10.
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Thermal history of SM+DM+

02 05 10 20 50 100
m, |GeV]
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RELIC DENSITY




Relic density

TFO = My /TFo > 1

(ov)e ~ 1.09 x 1077 GeV ™7

Only radion mediation —» y+jy— [+/f
1/2 3/2
\ , 1 AN 4m?\ */
74 = rexdry ) 167s : S : S

~xtig— g+
< 10 GeV, o < 10-14 Coy—2 X+x—>8+8
Z 1 TeV -~ >y+i—ov+y
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Relic density

< 10 GeV
No DM relic density but freeze-out from SM 7’/’:2(< [ 9 GZV
X .- r
But (again) DM + radion still in equilibrium
A I (') — (k) + (K
+ x(p) +x@) = (k) + (k)
t-channel
1 my [22(7 — 1122 — 2 169 — 12122 — 824
o ' 24( 2 Z)taﬂh_l(\/l—ZQ) I 2 2
11527 p3 | (1 — 22) (1 — 22)1/2

LFQO — mx/TFO
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Relic density
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2 — 0,12,XFO ~ 24

TF()«X Q)(h
| 18 A/ """ 22" © "
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Direct detection

OBSERVATIONAL
CONSTRAINTS

Colliders

S

A. Arbey and E Mahmoudh,

-

Indirect detection

SM



Direct detection

P. Agrawal, Z. Chacko, G. Kilic J. Ellis, N. Nagata and K. A. P 0.018(5), £ = 0.027(7)
and R. K. Mishra, 1003.1912 Olive, Eur. Phys. J. G 78 (2018) 569 L Ty T
| | ) =0.037(7) and fy” = 0.013(3)

() (1)
) > K " =0.040(10), f7.” = 0.027(7)
(N[m@QQIN) = mu i) (NImgQQIN) = —my (1 > |

Q=u,d,s )( )(

DM-nucleon spin-indep.
total cross-section

The reduced
DM-nucleon mass N N

18



3 GeV < m, S 10 GeV

XENONIT collab.
1907.12771, 1907.11485

| GeV,Sm)(,SB GeV
DarkSide-50 collab.
2207.11966

0.5 GeV Sm, S 1 GeV

CREST collab.
1904.00498

I MeV $m, S 1GeV

Direct detection
1 — —

R. 1. D’Agnolo and J. .
Ruderman, Phys. Rev.
Lett. 115 (2015) 061301

Sub-GeV Dark Matter
y—e

P TA region

m, [GeV]

0.01;

0.001 |
| 6
050 1.00 500 10.00 X107 002 0.050.10 020 0.50 1.00

XENONIT, DarkSide, SENSEI m, [GeV] m,, [GeV]
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Accelerator searches

1) DM searches at the LHG for our model:
missing energy events and mono-Z./jets

ATLAS collab. 1211.6096, 1502.01518

|

A 2 40 GeV

—_ |m. 2> 107!
1GeV S my, S 10 GeV

2) For m, S m, < m, fixed-target experiments NA64

xS _ _ invisible decay
(CERN SPS) “and future LDMX (SLAC) —> € 4 e 4r —p . NAGA
could probe new boson (radion) *
Jree = 2 x 10710 (1 51\/) <2x107?, for p,; < 10GeV
C

20



Log,,[p,/GeV]

Accelerator searches

No 1invisible decay and no

,,,,, I I But { < 2m, th .-
21 f SRR = S Y —3 bounds. Unless radion decays
_ r — SM + SM . .
_ outside the detector
1 !
| N 3/9
0 LT sy m; T 192n gy
1 : 2 }2 3 =2
1 - cn > 15 m r XQED bQED m..P7 \
T 1536m3
Al 05 10 FT:ZfFr—)ff_I_FT—)gg

20 -15 -10 -05 00 O
Log,,lm,/GeV]

S

Ty — 1/Ffr' CTy > 15 m
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Indirect constraints

Bounds from CMB, Cosmic Rays, Galactic Center:

—l ~ 1 =27 3
2 — 1117, q4,yy for 0.1 GeV Sm, <10 GeV (6,V) < {Ghouna?) ~ 10727 cm?/s
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Indirect constraints

1) Region m, > 2m, and for m, > few MeV == ¢ > 1 and radion freezes-in before DM freezes-out

F. Abu-Ajamieh, J. S. Lee and J. lerning,
JHEP 10 (2018) 050
M. Kawasaki, K. Kohri, 1. Moroi and Y.

BBN not perturbed when

l Takaesu, Phys. Rev. D 97 (2018) 023502
~ 4 2
PT GeV MeV Dominant channel
7 >~ 0.4 sec = _ 4
TeV 01 My r—ee
Y, < Y

Dominant channel r - yy and |
44 —> Ivo > 1r; —» /
c~m, <1 ,]( 7, > 10 sec

\Excluded by BBN/

2) Region m, < 2m, —p

23



Log,,(m,/GeV)

Indirect constraints
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Radion Cosmology

e — R

Y, <Y
7. > 10 sec

\Excluded by BBN/

2a) Region 10 keV <m,. < 2m, =——p» 1po > 1p] =—)

2b) For m,. < 10 keV light long-lived radions exist with z, > 7,

l

For Ay to be safe < 0.045 radions should decouple from SM at
Ty 2 Aqep

l

A relic background of radions from the time of their
decoupling exists with temperature 7T.(7,)) = 1.16 K < Tg

niverse
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Conclusions

L e — e

® DM interacts only gravitationally (via radions) with the SM and its relic density and detection
constraints processes are decoupled

® 'T'he scale provided by the DM sector could explain the nanoHz SGWB from the PTA experiments.

T'he dark matter mass window, m, € [0.15 GeV, 2 GeV], consistent with all direct and indirect
constraints will allow to sharply concentrate the experimental searches

® A spimnoft 1s the prediction of a light radion which would be detected 1n present fixed target
experiments, as NA64 at the CERN SPS, and the future LDMX at SLAC

® Ongoing work: Ultra-light radion cosmology: Dark Energy and/or Matter, concrete
Inflationary scenario in the multi-brane set up

THANK YOU!!!
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