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Challenge for a fundamental theory of Nature

describe both particle physics and cosmology

Accelerator experiments and cosmological observations:

complementary information for the same fundamental theory
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Content of the Universe vs Standard Model

@ Ordinary matter: only a tiny fraction < 5%

@ Non-luminous (dark) matter: ~ 25%

74 % DARK ENERGY 22% DARK MATTER

T

| 3.6% INTERGALACTIC GAS
0.4% STARS, ETC.
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Relativistic dark energy 70-75% of the observable universe

negative pressure: p = —p = cosmological constant
1 871G c*A
Rab — ERgab + Ngab = 7Tab = PA= s-C P

Two length scales:

o [\l = L=2 + size of the observable Universe
Aobs = 0.74 x 3H3 /c? ~ 1.4 x (10%° m)~2
Hubble parameter ~ 73kms ! Mpc !

= L=* « dark energy length ~ 85um
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Newton's law is valid down to distances 30 pum

Adelberger et al. '06
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Strings and extra dimensions

@ consistency of the theory = extra dimensions

string coupling gs can be treated as en extra dimension in M-theory
@ matter and gauge interactions may be localized on lower dim branes
transverse dimensions can be large i
= string scale M; can be lower than the 4d Planck mass!
opening a new way to address physics problems and scales
Ms low (multi-TeV) = electroweak hierarchy
Ms at intermediate energies ~ 10! GeV (MZ2/Mp ~ TeV)
= SUSY breaking, strong CP axion, see-saw neutrino scale
@ compactification = parameters: moduli fields + discrete fluxes

@ moduli stabilization = huge landscape of vacua (11
= need an extra input of guidance principle
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Extra Dimensions

how they escape observation?

finite size R

energy cost to send a signal:

E > R~ «+ compactification scale

experimental limits on their size
light signal == E 21 TeV
R <1071 cm

how to detect their existence?

motion in the internal space = mass spectrum in 3d

I. Antoniadis (PhD School Bucharest 2025) 7/33



(72}
e
o
(72}
e
0
=

D

e ——— -

| Bucharest 2025)

Sch




example: - one internal circular dimension
- light signal

plane waves e periodic under y — y + 27R
= quantization of internal momenta: =5 n=0+1,42,...

= 3d: tower of Kaluza Klein particles with masses M, = |n|/R

n?

pp—P—pi=0=> pP=pi=1

E >> R™! : emission of many massive photons
<> propagation in the internal space [
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Our universe on a membrane

Two types of new dimensions: ’

e longitudinal: along the membrane
e transverse: “hidden” dimensions

only gravitational signal = R, < 0.1 mm !
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Swampland Program

Not all effective field theories can consistently coupled to gravity

- anomaly cancellation is not sufficient

- consistent ultraviolet completion can bring non-trivial constraints
those which do not, form the ‘swampland’

criteria = conjectures

supported by arguments based on string theory and black-hole physics
Some well established examples:

@ No exact global symmetries in Nature

@ Weak Gravity Conjecture: gravity is the weakest force

= minimal non-trivial charge: g > m in Planck units 87G = k? =1

Arkani-Hamed, Motl, Nicolis, Vafa '06
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Distance/duality conjecture

At large distance in field space ¢ = tower of exponentially light states

m ~ e~ with o ~ O(1) parameter in Planck units

@ provides a weakly coupled dual description up to the species scale
M, = Mp//N Dvali '07
@ tower can be either
© a Kaluza-Klein tower (decompactification of d extra dimensions)
m~1/R, d=InR; M, =M = (mIm2)t/(@+2)

@ a tower of string excitations N = (M. R)d

M, = m ~ the string scale = gsMp ; ¢ =—Ings, N=1/g2
emergent string conjecture Lee-Lerche-Weigand '19

smallness of physical scales : large distance corner of landscape?
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An early example

Theorem:

assuming a light gravitino (or gaugino) present in the string spectrum
/\//3/2 << Mp

=  a tower of states with the same quantum numbers and masses

My = 2Nk +1)Ms)p;  k=1,2,...; N integer (not too large)
Proof:

2D free-fermionic constructions = N < 10
2D bosonic lattices = N < 103
= compactification scale m = )\;/12 Ms 5 with A3/, = 1/2N
= large extra dimension at the TeV scale I.A. '90
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Dark dimension proposal for the dark energy

m=X1A? (Mp=1) ; 1/4<a<1/2 Montero-Vafa-Valenzuela '22

@ distance ¢ = —InA Lust-Palti-Vafa '19

@ a < 1/2: unitarity bound ms2pm72 >2H? ~ A Higuchi '87
@ a > 1/4: estimate of 1-loop contribution A 2 m*
observations: A ~ 107120 and m 2 0.01 eV (Newton's law) = a = 1/4
astro/cosmo constraints = d = 1* ‘dark’ dimension of ~ micron size
species scale (5d Planck mass): M, ~ A\~1/3108 GeV 10~* < A < 1071
*also d = 2 with M, ~ 10 TeV Anchordoqui-1.A -Lust '25

Our observable universe should be localised on a ‘3-brane’ L to the DD
I.A.-Arkani Hamed-Dimopoulos-Dvali '98

I. Antoniadis (PhD School Bucharest 2025) 14 /33



Physics implications of the dark dimension

See Review article 2405.04427 Anchordoqui-1.A.-Lust
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Neutrino masses

@ natural explanation of neutrino masses introducing vg in the bulk
v-oscillation data with 3 bulk neutrinos = m 2 2.5 eV (R < 0.4 um)
= A $ 1073 and M, ~ 10° GeV
the bound can be relaxed in the presence of bulk vg-neutrino masses

Lukas-Ramond-Romanino-Ross '00, Carena-Li-Machadoz—Wagner '17

@ support on Dirac neutrinos by the sharpened WGC

non-SUSY AdS vacua (flux supported) are unstable  Ooguri-Vafa '16

avoid 3d AdS vacuum of the Standard Model with Majorana neutrinos
Arkani-Hamed, Dubovsky, Nicolis, Villadoro '07

lightest Dirac neutrino < few eV or light gravitino O(meV)
Ibanez-Martin Lozano-Valenzuela '17; Anchordoqui-1.A.-Cunat '23
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Dark matter candidates

@ 2 main new DM candidates:

@ 5D primordial black holes in the mass range 10*® — 10%!g*

with Schwarzschild radius in the range 10=* — 1072 um
Anchordoqui-l.A.-Lust '22

@ KK-gravitons of decreasing mass due to internal decays (dynamical DM)

from ~ MeV at matter/radiation equality (T ~ eV) to ~ 50 keV today
Gonzalo-Montero-Obied-Vafa '22

possible equivalence between the two Anchordoqui-l.A.-Lust '22

* 108 — 10%'g for 6D Anchordoqui-1.A.-Lust '25
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Primordial Black Holes as Dark Matter
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5D BHs live longer than 4D BHs of the same mass
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Dark Dimension Radion stabilization and inflation

If 4d inflation occurs with fixed DD radius = too low inflation scale
Higuchi bound: H; < m ~ eV
Interesting possibility: the extra dimension expands with time
Ry ~1/M, to R ~ um requires ~ 40 efolds! Anchordoqui-1.A -Lust '22
ds? = a2(—dr? +dx®> + R? dy®) Ry : initial size prior to inflation
ds; 2 42 2 2 2 2 2 3
= ?WLR dy® ; ds; =a°(—dr°+dx") = a" =R

After 5d inflation of N = 40-efolds = 60 e-folds in 4d with a = 3V/2

Large extra dimensions from inflation in higher dimensions
Anchordoqui-1A '23
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Large hierarchies in particle physics and cosmology

Particle physics: why gravity appears so weak compared to other forces?
M,/ M,, ~ 10%°
Cosmology: why the Universe is so large compared to our causal horizon?

at least 102 larger
Question: can uniform (4 + d) inflation relate the 2 hierarchies?

size of the observable universe to the observed weakness of gravity
compared to the fundamental (gravity/string) scale M,
Extra dimensions should expand from the fundamental length
to the size required for the present strength of gravity
while at the same time the horizon problem is solved in our universe

Answer: yes for any d
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Large extra dimensions from higher-dim inflation

d
ds2,, = (%) ds? + R2dy? ds? = a*()(—d72 + dx?)

= é\z21+d(7—)( dT + d + R2 dy ) r= <R>end of inflation
@ exponential expansion in higher-dims = power low inflation in 4D
FRW coordinates: et ~ (Ht)?/9 = R(t) ~ t?/9, a(t) ~ t'112/d
o N e-folds in (4 4+ d)-dims = N = (1 + d/2)N e-folds in 4D

Impose M, = I\/Ipe*dN/(erd) = 10 TeV
2 108 GeV for d =1 (r < 30um)

= the horizon problem is solved for any d N 2 30 —60 (N = In %)
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Precision of CMB power spectrum measurement

Physical distances change from higher to 4 dims
equal time distance between two points in 3-space

N

A d/2 .
i) = XY alr) = d(xx) a(7) (£)" = duyalxx) 2

M*
co-moving distance

precision of CMB data: angles < 10 degrees, distances < Mpc (Gpc today)
Mpc — Mkm at M; ~ TeV with radiation dominated expansion

xTeV /M) at a higher inflation scale M; ~ M,

. . o x TeV/Mp
X M,/ Mp conversion to higher-dim distances
~ micron scale!

d > 2: needs a period of 4D inflation for generating scale invariant

density perturbations
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Density perturbations from 5D inflation

inflaton (during inflation) ~ massless minimally coupled scalar in dS space
= logarithmic growth at large distances (compared to the horizon H™1)

equal time 2-point function in momentum space at late cosmic time
A 4 H3 A
2 ~a 2 g2 2 p2
(P2(k,T))r—0 N k= k“+n°/R

2-point function on the Standard Model brane (located at y = 0):

R 2RH3 1 7TR
®2(k ~Z " (= h(mkR — | k=2
En (@°(k, 7)) 0 K2 (kCOt (wkR) + sinh2(7TkR)> ’ R

. 3
Amplitude of the power spectrum: A = 25 (®?(k, 7)),—o
2
® TkR > 1 (‘small’ wave lengths) = A~ % n ~1
summation over n crucial for scale invariance: ‘tower’ of 4D inflatons
2H?
T3k

o wkR < 1 (‘large’ wave lengths) = A ~ ns ~0
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Large-angle CMB power spectrum
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Detailed computation of primordial perturbations:

5D: inflaton + metric (5 gauge invariant modes) =

4D: 2 scalar modes (inflaton + radion), 2 tensor modes, 2 vector modes

1 k2> k\NF [2 Rk>>1
Pr ~ — 0 +€ > xq24 0
3e aH aH 3 Rok<<1
GH? [ Kk \ RoH Rok >>1
Pr =~ 7r2(§/-l) X{2H K r=24e
ok ok <<'1
ARH3 [k \ ¥ (1 Rok >> 1
Py =~ 2 3 X\ 5 .
45(R0k) Rok <<1 S /22 (H#O)
9e? P 9¢?
Ps =~ T6PR entropy = Bisocurvature = Pr _E,PS ~ §< 0.038 exp
slow-roll parameters: ¢ = —Hﬂz SHe =N —
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Bispectrum from 5D inflation

. 5 8 ( )kf+k§‘+k§‘ g k12k22+k12k32+k22k32}
~ — Ey — €&
N Rkt 12 R3kikoks | 0 IR+ K+ KT B+ KB+ K3
R0k2<<1
Roksk1
5 2 k3k3
fi ~ gy — 1) + 16¢ ks =: k
NL Roki<1 12 Rykq {( 2 1) 1(/(2 + k3)(k§’ + kg’) ‘ ; a
R0k2>>1
Rok3>1
5 16¢e1 kfkg kakp
fy ~ —d(er—€1)+ 75" + kikok
" Roja>1 12{( 2 =) ki + k3 + K3 1<az<:b<3 < ke R
R0k2>>1 - -
Roks>1
N — > (e2—e1)+5—3— 5; > kok? 4+ k2ky + Ekﬁkg
12 ki + k3 + k3 1<a<b<3 ke

ﬁ\||_|R0ka>>1 + f,f”_D : global conformal invariance is broken
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End of inflation

Inflaton: 5D field ¢ with a coupling to the brane to produce SM matter
e.g. via a ‘Yukawa' coupling suppressed by the bulk volume y ~ 1/(RM,)'/?

Its decay to KK gravitons should be suppressed to ensure AN.g < 0.2
Anchordoqui '20

m m,
(I‘gM ~ M*mgp> > | Thay ~ M3 = m, < 1TeV

5D cosmological constant at the minimum of the inflaton potential
= runaway radion potential:

/\min .
Vo ~ 7? . (AR5 < 100GeV  (Higuchi bound)

canonically normalised radion: ¢ = 1/3/2In(R/r) r = (R)end of inflation
= exponential quintessence-like form Vo ~ e~*? with o ~ 0.8

just at the allowed upper bound: Barreiro-Copeland-Nunes '00
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Radion stabilisation at the end of 5D inflation

Potential contributions stabilising the radion:
2 . N . K
V= (%) V4Ve i V=2nRAP™ 4+ Ty+2n
T4: 3-branes tension, K: kinetic gradients, V: Casimir energy

TArkani-Hamed, Hall, Tucker-Smith, Weiner '99

Radion mass mg: ~ eV (mkxk) to 10730 eV (m%,/M,) depending on K

o K ~ M,, all 3 terms of V of the same order, V¢ negligible

tune Ay ~ 04 = mp < mgk ~ eV

@ K negligible, all 3 remaining terms of the same order

27 r?

3277 R
Arkani-Hamed, Dubovsky, Nicolis, Villadoro '07
no tuning of A4 but AM™ should be order (subeV)® [z

= minimum is driven by a +ve V¢ = (Ne — Ng)
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Casimir potential

2
Ve =27R (%) Tr(=) p(R,m) m:5D mass

mR — oo exp suppressed

i omd Ks /2 (2mRmn)

(27)5/2 (2w Rmn)®/2
=1 mR -0 1/R°
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Example of Radion stabilisation potential
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(AR5 = 25 meV, | T4|Y/* = 27 meV, Ng — Ng = 7
Ng =12 (3 bulk R-neutrinos)  Ng =5 (5D graviton)
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Cosmic discrepancies and Hubble tension

50 tension between global and local measurements
Ho = 67.4+0.5 km/s/Mpc  Planck data
Ho = 73.04 + 1.04 km/s/Mpc SHOES supernova

This tension can be resolved if A changes sign around redshift z ~ 2

Akarsu-Barrow-Escamilla-Vasquez '20, AV-Di Valentino-Kumar-Nunez-Vazquez '23
AdS—dS transition is hard to implement due to a swampland conjecture:
non-SUSY AdS vacua are at infinite distance in moduli space

However it could happen due to quantum tunnelling

false vacuum decay of 5D scalar

Anchordoqui-1.A.-List '23, Anchordoqui-l.A.-List-Noble-Soriano
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AdS—dS transition due to false vacuum decay in 5D

5D scalar at a false vacuum with light mass (lighter than R1)
Ng — Ng = 6 = AdS vacuum

decay to a (almost degenerate de < A) true vacuum with heavy mass

Ng — Ng =7 = dS vacuum slow transition at z ~ 2

1.0
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2,
S oaf
5 — AdS -
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(AR5 = 22 6 meV, | Ty|/* = 24.2 meV
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Conclusions

smallness of some physical parameters might signal

a large distance corner in the string landscape of vacua
such parameters can be the scales of dark energy and SUSY breaking
mesoscopic dark dimension proposal: interesting phenomenology
neutrino masses, dark matter, cosmology, SUSY breaking
Large extra dimensions from higher dim inflation

@ connect the weakness of gravity to the size of the observable universe
@ scale invariant density fluctuations from 5D inflation

@ radion stabilization
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