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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

Possible connection: through large extra dimensions

their existence is required in string theory

Large size extra dimensions = low scale quantum gravity
M, = M.(2rRM,)4/2 : RM, >> 1 = M, << M,
Horizon problem can be explained by a period oynflation

expansion rate faster than speed of light

Extra dimensions may obtain large size by higher-dim inflation
Anchordoqui-lA-Lust '22
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Compact dimensions and inflation

If 4d inflation occurs for fixed size extra dimensions =
H < 1/R (Higuchi bound) = R < 1071 cm for H 2 TeV
For larger sizes there are 2 possibilities:
- R gets a large value by a potential after the end of inflation
= { - extra dimensions expand with time
1 M, 2/d . .
from Ry ~ M * to ~Ry <Wi) to explain the mass hierarchy
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,
Anchordoqui-1A '93
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4D decomposition of higher-dim metric

Start with (4 + d)-dim gravity with d compact dimensions of size R:

1
54+d — /[d4X] [ddy] <2M3+dR(4+d) - A4+d>
4D decomposition in the Einstein frame:

ryd 2
dstrd = (F) ds? + (%) dss, r = (R)final =

internal volume normalised to (27 R)?

Sy = / [d*x] (;I\/@R(“) - d(d4+ 2) M2 (alf ) — (27r)? ( Q;E”)’ d>

. M2 A,
I\/lg = M?*t9(2rr)? ;  scalar potential: V = I\/I2id (R‘> ‘)’d [14]
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maximal symmetric solution: (4 + d)-dim de Sitter

dsgrg = d3pq(r)(—d7% + d%% + dy?)

1 2M4sg
a H? =
a(T) = 7 3+ d)(2 + d)M2+4
Ro\? R
= <R0> dsg + (R) dy? ; ds? = a%(7)(—dr? + dx?)
~1 4 144
a(n=H1)=1; a(Tenda) =(r/Ro0)""2 =

1+3 d T 2
= (52) =i D =)= et

N e-folds in (4 + d)-dims = N = (1+ ¢) N e-folds in 4D
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Large extra dimensions from higher-dim inflation

Solution to the Horizon problem: N 2 30 — 60 (N ~ In %)
2 2N
M2 = (2rr)IMZTY ;. r=Ryard = Ryexd =
dN
M, = Mpye 2+ < 10 GeV

Impose M, = M, e—dN/(2+d) > 10 TeV

2108 GeV ford =1 (r <30um)

2 10° GeV ford =2 (r ! 210 keV)

= the horizon problem is solved for any d

d 2
14(In10) > ——N N 211+ —
(In 0)_d+2 > S 3 ( +d>
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4D decomposition of (4 + d) dimensional de Sitter

Higher-dim proper time { = —H~1 In(HT)

) =€t = a(f) =R R(}) = Ryet't
However 4D proper time t # f since a(r) = (Hr)~(1+4/2);
exponential expansion in higher-dims = power low inflation in 4D

2

Ht:d(HTV% = a(t) = <;Ht>1+5 . R(t) = Ry (‘Q’Ht>5

d=1 : a(t)~ (Ht)® ; R(t) ~ Ry(Ht)?
d=2 : a(t)=(Ht)> ; R(t)= RyHt
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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 d2 . e
Thys (6 X)) = d(x,x") a(7) = d(x, x') &() (,%) = d7}, (X, X) ,\"/,(* )

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,
x TeV/M,

X M,/ Mp conversion to higher-dim distances
~ micron scale = d =1 is singled out!  with M, ~ 109 GeV

d > 1: 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)

scale invariant (flat) power spectrum at low momenta

Equal time 2-point function in momentum space at late cosmic time

201 T | 2k 201 . _b-1_
@k = o [ R+ V)] =T =2
3
T—=0: ~ 4(;)2 ; k? = k? + n?/R?
™

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

A 2Ry H?3 (1 TRo )
d?(k, ~ —— ( = coth(rkRy) + —5——
Zn:< (D0 k2 k (mkfRo) sinh2(7TkRo)
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CMB power spectrum from 5D inflation

physical wavelength:

R\L/2 . R
Azzwl‘i:(RO) A /\:27rZin5D

= 7kRy =2m?R/X > 1for A < micron (A < km)

Amplitude of the power spectrum: A = 55 > (D2(k, T))y—0 12

@ mkRy > 1 (‘small” wave lengths) = A ~ 2 CRH  ns ~ 1

@ TkRy < 1 (‘large’ wave lengths) = A ~ ik ns ~ 0
summation over n is crucial for scale invariance

it amounts a ‘tower’ of 4D inflatons
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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)

1 k2% kN7 [2 Rk>>1
o Bl )
3e aH aH 3 Rok<<1
4H?2 [ k\ ¥ [RoH Rok>>1
Pr ~ —|— X r = 24¢
7 2 (aH) {sz Rok << 1
7> 4Ry H? ( k )‘35 e Rok >>1
V. a2 \4H T (Rok)® Rok <<1 S'/Z,(n+#0)
952 P, 982
Ps =~ T6PR entropy = Bisocurvature = Pr _E,PS ~ §< 0.038 exp
slow-roll parameters: ¢ = —Hﬂz : 2HE ~p—
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End of inflation

5D inflation can be implemented in the framework of Dark Dimension
Montero-Vafa-Valenzuela '22

5D inflaton should couple to the brane for SM particle production

e.g. via a ‘Yukawa' coupling suppressed by the bulk volume ~ y/(RM,)4/?

4
me m
<rqS>M ~ y2( M )d> > <rgrav ~ /\/;)‘;’)

M.\ 2/ @)
= me < M, ()

~ 1T d=1
W, eV ( )

Also: specific realisation of the Dynamical Dark Matter framework

internal graviton decays for small violation of KK-momentum conservation
Gonzalo-Montero-Obied-Vafa '22
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Radion potential

5D cosmological constant at the minimum of the inflaton potential
= runaway radion potential: |21

min

A .
Vo = 27rr25T . (AR5 <100 GeV  (Higuchi bound)

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

just at the allowed upper bound: Barreiro-Copeland-Nunes '00

Alternatively, radion could be stabilised
During inflation: R(t) ~ t? = radion ¢ ~Int and ¢ ~ 1/t

it is therefore expected to oscillate around the minimum if it exists
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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

e K ~ M, all 3 terms of V of the same order, V¢ negligible 1)

tune Ay ~ 04 = mp < mgk ~ eV

@ K negligible, all 3 remaining terms of the same order |2

27 r?

3277 R
Arkani-Hamed, Dubovsky, Nicolis, Villadoro '07
no tuning of A4 but A™™ should be order (subeV)® (2

= 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

107 V [eV*]

10 15 20 25 30 35 40
R [um]
(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 effects
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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 R.1,)
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
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Conclusions

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

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
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Stabilisation neglecting V/

minimum with V/ = V =0 =

K \Y? : . K
T </\min> D Ta= —an(KAS)Y2 V= VY |pey= A
5

all terms of Vi,in of order | T4| with T, < 0 and mﬁ) = %%
P

maximum:  Rpax =3r ;  Viax = %\ T4l

Vinin < Vinax satisfying the Higuchi bound = my < 3/r

experimental bounds on new forces implying my 2 0.1 eV
=
Higuchi bound on Ag 14

K3 ~ My, (AR5~ 100 GeV; | TaY* ~ 1 TeV
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Stabilisation with K =0

Rmax = _ﬂ./\—,f;;‘]in = T4 <0

A minimum can be generated at lower R from V¢ if Ne — Ng > 0 15

Ng =5 (5D graviton) = need at least 2 5D-fermions with masses < R,1.

for instance 3 R-handed neutrinos: Ng = 12

minimum at V ~ 04 and < R >~ micron implies as before

all 3 terms of Vpni, same order: (ARI") VS Tt ~ Vé/4 ~ subeV

Bulk masses uj & Amsa > Ampy avoid strict bounds from v-oscillations
(ri=0=r<0.2um) Anchordoqui-lA-Cunat '23

Ty =0: RL ~ (AR5 from Vo + V¢ |pos — min from V¢ e

Ng =5 = maximum at ~ 10 microns
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