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Challenge for a fundamental theory of Nature

describe both particle physics and cosmology [12] [17]

I. Antoniadis (SEENET seminar Feb 2022) 2 / 43



Particle physics studies phenomena at very short distances

structure of matter and fundamental forces

particle accelerators are the today microscopes [4]

Cosmology studies phenomena at very large distances

evolution of the Universe at early times after the Big Bang

measurement of temperature fluctuations in the sky [6]

However observations from very far come from the very past

when Universe was very small and very hot

governed by the laws of particle physics [8]
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The large Hadron Collider (LHC) at CERN
the world’s most powerful microscope
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Frontier Circular Colliders (FCC) [3]
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Planck satelite experiments
Cosmic Microwave Background (CMB) anisotropies
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The Golden age of cosmology:
From Planck to Euclid ESA Mission [3]
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Accelerator experiments and cosmological observations:

complementary information for the fundamental theory

Big Bang 

Evolution of the Universe 

Today 
13.8 Billion Years 

1028 cm 

Only particle 
physics can 
tell us what 

happened here 
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Standard Model of particle physics : accurate
description of microphysics at present energies

Higgs: ATLAS+CMS Combination

The newly found boson has 
properties as expected for
a Standard Model Higgs  

The Run-1 Higgs Legacy!

arXiv:1606.02266 / 
JHEP 1608 (2016) 045  

5153 authors!! 

Signal strength/SM:
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Standard Model of electroweak + strong forces

Quantum Field Theory Quantum Mechanics + Special Relativity

Principle: gauge invariance U(1)× SU(2)×SU(3)

Very accurate description of physics at present energies 17 parameters

1 mediators of gauge interactions (vectors): photon, W±, Z + 8 gluons

2 matter (fermions): (leptons + quarks) × 3

electron, positron, neutrino (up, down) 3 colors

3 Brout-Englert-Higgs sector: new scalar(s) particle(s)
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François Englert and Peter Higgs: Nobel Prize 2013
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Standard Model of cosmology : ΛCDM [2] [26] [27]
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James Peebles: Nobel Prize 2019

Dark energy: Nobel Prize 2011
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Gravitational waves: start a new era of astronomy
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What our Universe is made of ?

Ordinary matter: only a tiny fraction <∼ 5%

Non-luminous (dark) matter: ∼ 25%

if new ‘stable’ particle => beyond the Standard Model of PP
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Comparison with Direct Detection 

90% CL limits

Axial-vector mediator and
Spin-dependent direct limits

Vector mediator and
Spin-independent direct limits

No signal seen in any of the “mono”-signals so far -> limits   

Mono-jet/V searches are typically the most sensitive ones 
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Problem of scales

describe high energy (SUSY?) extension of the Standard Model

unification of all fundamental interactions

incorporate Dark Energy

simplest case: infinitesimal (tuneable) +ve cosmological constant [21]

describe possible accelerated expanding phase of our universe

models of inflation (approximate de Sitter) [23] [27]

=> 3 very different scales besides MPlanck : [31]

-
DarkEnergy

meV

ElectroWeak

TeV

Inflation

MI

QuantumGravity

MPlanck
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Supersymmetry: every particle has a superpartner
with spin differ by 1/2

A well motivated proposal

addressing several open problems of the Standard Model

natural elementary scalars

realise unification of the three Standard Model forces

natural dark matter candidate (lightest supersymmetric particle)

addressing the hierarchy problem

prediction of light Brout-Englert-Higgs (<∼ 130 GeV)

soft UV behavior and important ingredient of string theory

But no experimental indication of any BSM physics at LHC

It is likely to be there at some (more) fundamental level
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Relativistic dark energy 70-75% of the observable universe

negative pressure: p = −ρ => cosmological constant

Rab −
1

2
Rgab + Λgab =

8πG

c4
Tab => ρΛ =

c4Λ

8πG
= −pΛ

Two length scales:

[Λ] = L−2 ← size of the observable Universe

Λobs ' 0.74× 3H2
0/c

2 ' 1.4× (1026 m)−2

↖
Hubble parameter ' 73 km s−1 Mpc−1

[ Λ
G× c3

~ ] = L−4 ← dark energy length ' 85µm [17]
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Newton’s law is valid down to distances 0.05 mm

Adelberger et al. ’06
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de Sitter spacetime

vacuum solution of Einstein equations with +ve cosmological constant

and maximal symmetry: 10 isometries like flat space

SO(4, 1) vs Poincaré E4
hyperboloid from 5 dimensions: −y2

0 + ~y2 = 1
H2

Rµνλρ = H2(gµλgνρ − gµρgνλ) R = 12H2 = 4Λ

Flat slicing: ds2 = −dt2 + e2Htd~x2 exponential expansion

FRW with flat 3-space and scale factor a(t) = eHt

isometries: 3 space translations, 3 rotations, 1 scale, 3 special conformal

e.g. scale: ~x → ω2~x and t → t − ω/H

Closed slicing: ds2 = −dt2 + 1
H2 ch

2Ht dΩ2
3 ← unit sphere S3

Open slicing: ds2 = −dt2 + 1
H2 sh

2Ht dH2
3 ← unit hyperbolic H3

[26]
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de Sitter spacetime
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de Sitter spacetime: static coordinates

ds2 = −(1− H2r2)dt2 +
dr2

1− H2r2
+ r2dΩ2

2 ← unit sphere S2

describes 1/4 of the spacetime
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Observed Universe: homogeneous, isotropic and (spacially) flat

=> all regions causally connected in the past

But in contradiction with Einstein’s equations

observed universe has a huge number of causally disconnected regions

Inflation proposal:

postulates an exponentially expanding period in early times

a small region becomes fast exponentially large

=> explains homogeneity, isotropy and flatness problems

it needs 50-60 e-foldings of expansion at least [39]

It predicts also small anisotropies from slight deviation from de Sitter space

temperature/density perturbations from quantum fluctuations [12] [17]
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Inflation:

Theoretical paradigm consistent with cosmological observations [12]

But phenomelogical models with not real underlying theory [17]

introduce a new scalar field that drives Universe expansion at early times

Inflaton potential

slow-roll region with V ′,V ′′ small compared to the de Sitter curvature
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Swampland de Sitter conjecture

String theory: vacuum energy and inflation models

related to the moduli stabilisation problem

Difficulties to find dS vacua led to a conjecture:

|∇V |
V

≥ c or min(∇i∇jV ) ≤ −c ′ in Planck units GN = 8π

with c , c ′ positive order 1 constants Ooguri-Palti-Shiu-Vafa ’18

Dark energy: forbid dS minima but allow maxima

Inflation: forbid standard slow-roll conditions

Assumptions: heuristic arguments, no quantum corrections

debate on the validity of the conjectures [31]
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String moduli

String compactifications from 10/11 to 4 dims → scalar moduli

arbitrary VEVs: parametrize the compactification manifold

size of cycles, shapes, . . . , string coupling

N = 1 SUSY => complexification: scalar + i pseudoscalar ≡ φi
Low energy couplings: functions of moduli
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Moduli stabilization

If moduli massless → inconsistent

long range forces, cosmological production, accelerators

Outstanding problem: moduli stabilization

avoid experimental conflict

fix their VEVs => compute low energy couplings

- preserving SUSY

- after SUSY breaking

• non-perturbative effects or by

Generate moduli potential: via

• turn-on fluxes: constant field-strengths of generalized gauge potentials

gauge fields: internal magnetic fields

generalization: higher rank antisymmetric tensors [28]
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Problem of scales: connections

-
DarkEnergy

meV

ElectroWeak

TeV

Inflation

MI

QuantumGravity

MPlanck

Direct connection of inflation and supersymmetry breaking:

identify the inflaton with the partner of the goldstino

Goldstone fermion of spontaneous supersymmetry breaking

longitudinal (spin-1/2) helicity of the massive spin-3/2 gravitino

while accommodating observed vacuum energy
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Inflation in supergravity: main problems

Inflaton: part of a chiral superfield X [37]

together with a 2-component fermion and a (pseudo) scalar

slow-roll conditions: the eta problem

|η| = |V ′′/V | << 1 in Planck units GN = 8π =>

fine-tuning of the inflaton potential VF ∝ eK↖
Kähler potential

canonically normalised field: K = XX̄ => η = 1 + . . . [38]

trans-Planckian initial conditions =>

break validity of Effective Field Theory from gravitational corrections

stabilisation of the (pseudo) scalar companion of the inflaton

moduli stabilisation, de Sitter vacuum, . . .
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Starobinsky model of inflation

L =
1

2
R + αR2

Lagrange multiplier φ : L = 1
2 (1 + 2φ)R − 1

4αφ
2 φ = 2αR

Rescaling the metric to the Einstein frame =>

equivalent to a scalar field with exponential potential:

L =
1

2
R − 1

2
(∂φ)2 − M2

12

(
1− e

−
√

2
3
φ
)2

M2 =
3

4α

supersymmetric extension: need two Lagrange multipliers

=> two chiral superfields

one contains the inflaton φ and the other the goldstino [36]

Goldstone fermion of spontaneous supersymmetry breaking
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Combined results from Planck/BISEP2/Keck Array
P. A. R. Ade et al., Phys. Rev. Lett. 116, 031302 (2016)

φ2

0.95 0.96 0.97 0.98 0.99 1.00

ns

0.00

0.05

0.10

0.15

0.20

0.25

r 0
.0

0
2

N
=

50

N
=

60

ConvexConcave

φ

Planck TT+lowP+lensing+ext

+BK14

I. Antoniadis (SEENET seminar Feb 2022) 35 / 43



Non-linear Starobinsky supergravity
I.A.-Dudas-Ferrara-Sagnotti ’14

Non-linear supersymmetry limit: one field decouples:

L =
1

2
R− 1

2
(∂φ)2−M2

12

(
1− e

−
√

2
3
φ
)2

−1

2
e
−2

√
2
3
φ

(∂a)2 − M2

18
e
−2

√
2
3
φ
a2

no eta-problem but

initial conditions require trans-planckian values for φ (φ > 1)

pseudoscalar a much heavier than φ during inflation, decouples:

mφ = M
3 e
−
√

2
3
φ0 << ma = M

3

inflation scale M independent from supersymmetry breaking scale

=> compatible with low energy supersymmetry [32]
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Inflation from supersymmetry breaking
I.A.-Chatrabhuti-Isono-Knoops ’16, ’17, ’19

Inflaton : supersymmetric partner of the goldstino

in the presence of an abelian U(1) gauge symmetry

R symmetry: rotates the fermionic coordinates of superspace by a phase

η vanishes to lowest order => no η-problem [32]

(superpotential linear in the goldstino superfield X )

gauge R-symmetry: pseudoscalar companion absorbed by the U(1)R

inflation around a maximum of scalar potential (hill-top) => small field

no large field initial conditions

vacuum energy at the minimum:

tuned between gravitational and gauge contributions
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R-symmetry restored during inflation

= |X |

maximum at the origin with η due to

a correction to the kinetic terms depending on one parameter A > 0 [32] [41]

K = XX̄ + A (XX̄ )2

I. Antoniadis (SEENET seminar Feb 2022) 38 / 43



Predictions

slow-roll parameters (neglecting U(1)R gauge interactions)

η =
V ′′

V
= −4A +O(ρ2)

ε =
1

2

(
V ′

V

)2

= 16A2ρ2 +O(ρ4) ' η2ρ2 << |η|

η naturally small since A is a correction

inflation starts with an initial condition for φ = φ∗ near the maximum

and ends when |η| = 1

=> number of e-folds N =

∫ start

end

V

V ′
' 1

|η∗|
ln

(
ρend
ρ∗

)
Planck ’15 data : η ' −0.02 => N >∼ 50 naturally [26]
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CMB anisotropies

Density petrurbations characterised by:

an amplitude As ∼ O(10−9)

and a spectral index ns ' 0.96

(ns = 1 corresponds to a scale invariant spectrum)

Primordial gravitational waves have (yet) not been observed

tensor-to-scalar ratio of amplitudes r ≡ Ag/As <∼ 0.015
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Predictions

amplitude of density perturbations As =
κ2H2

∗
8π2ε∗

spectral index ns ' 1 + 2η∗

tensor− to− scalar ratio r = 16ε∗

Planck ’15 data : η∗ ' −0.02, As ' 2.2× 10−9, N >∼ 50

=> r <∼ 10−4, H∗ <∼ 1012 GeV

Question: can a ‘nearby’ minimum exist with a tiny +ve vacuum energy?

Answer: Yes [38]

need an extra correction to the kinetic terms

I. Antoniadis (SEENET seminar Feb 2022) 41 / 43



Microscopic model

Explicit examples within field theory/supergravity

Derive these models in string theory?

interesting open problem

part of a more general research in supergravity and string theory

realising supersymmetry deformations, gauged R-symmetry

and Fayet-Iliopoulos D-terms

Cribiori-Farakos-Tournoy-Van Proeyen ’18

I.A.-Jiang-Lacombe ’19; I.A.-Derendinger-Tartaglino Mazzucchelli ’19

I.A.-Derendinger-Jiang-Tartaglino Mazzucchelli ’20
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Conclusions

Challenges in fundamental theories of particle physics and cosmology

Origin of very different scales

Role and breaking scale of supersymmetry in Nature

Origin of inflation and nature of the inflaton field

another fundamental scalar or an effective degree of freedom?

Nature of dark energy cosmological constant or a dynamical field?

General class of models with inflation from supersymmetry breaking:

Identify the inflaton with the superpartner of the goldstino

direct connection of supersymmetry and inflation scales

R-symmetry restored during inflation => fixes the initial conditions

avoids all supergravity problems of inflation
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