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Particle Physics Perspective

‘What is the most natural candidate for' '
‘. the GRAVITON particle? «




3 | -
4 * .
: .

il‘ that we know about graVIty .; -

: -

e —— particle is massless P




|

L IS




(only bosonic, spin=0;1,2..)

ve —> not photon-like (no SPin:l)



p |

,‘ that we know about gravity:

e —— particle is massless &

ical theory ——> no fermionic partlcler
(only bosonlc, spm—O 1 2..)

ive —> not photon-like (no sp1i1=1)

teracts w th hght —> not Higgs boson-like ( no spln )



Facts that we know about gravity:

Gravity B

*
is long-range —— particle is massless |

exists as a classical theory —— no fermionic parti.cjle»
(only bosonic, spin=0,1,2..)

is attractive ——> not photon-like (no spin=1)

. \Interacts with light — not Higgs boson-like ( no spin=0)
\ | NS .

This le\a\ nassless spin-2 field-as a natural candidate!.
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A model of the Universe
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The equations of General Relativity are very difficult to sblve.

Make simplified assumptions! = .

i § homogeneous and |
| isotropic universe!

spherically symmetric
for every-observer

(FLRW model)
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Alexander Friedmann = Georges Lemaitre
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What is the origin of DM?
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Effective Field Theories
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Theoretical Consistency

scattering amplitudes

Lorentz invariant, Positivity bounds on the tree
local, UV completion level scattering amplitudes®
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Theoretical Consistency -

Positivity bour4i$ in Massive Gravity
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Theoretical Consistency
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©  No free parameters

—> An EFT coupled to gravity must have no free parameférs.,

—> Every parameter entering in the Lagrangian should be
viewed as the vacuum expectation value of a field.




Theoretical Consistency

O Weak Gra t On]ecture Arkani-Hamed, Motl, NicoliS,Vafa',
| arXiv:hep-th/0601001 ..

— n a consistent EFT coupled to gravity, gravity
must always be the weakest force.

. <Mot1vat10n BH should be able to decay

\ k plies to charged particles - U(1) gauge theory l | k.
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O Distance Con"‘jecture Ooguri, Rafa, Nucl. Phys. B76‘6.
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—> Ina consistent EFT coupled to gravity, the range
traversed by scalar fields in field space is bounded .
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Theoretical Consistency
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® De Sitter Conjecture  Obied, Ooguri, Spodyneiko W "
Vafa, arXiv:1806.08362 Y

— 7~ dS space does not exist as a consistent
' quantum theory of gravity and it
belongs to the swampland.

Scalar fields in the EFTs have to satisfy o T v ® 30
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Theoretical Consistency
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® Trans-Planckian , .
\ Bedroya, Vafa, arXiv:1909.11063

Censorship Conjecture

-

— > A field theory consistent with a quantum theory of gravity does

| not lead to a cosmological expansion where any perturbation .

\ \. with length scale greater than the Hubble radius trace back to
trans-Planckian scales at an earlier time. =~ . =
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Combine theoretical and observational constraints! ‘~ _

Dark Energy in the Swampland . e i

w=» Ex: Quintessence Model ¢(t) Agrawal, Obied, Steinhart,
Vafa, arXiV:18*09718 '
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Combine theoretical and observational constraints! -

Dark Energy in the Swampland Golm, X) = (1 = 602) f(m) X — V)
» Ex: Horndeski Model Ga(m, X) = ?‘\ZX R N
Ga(m, X) = " p(1) s agk?
| . vV L e
© De Sitter Conjecture >c~ O(1)
L.H & Bartelmann,
©® ' SNIa, BAO, CMB, HO measurements Brandenberger, Refregier,
arXiv:1902.03939




All you ever wanted to know about modlﬁed

gravity, but were afraid to ask.

arX1v:1807.01725

A systematic approach to generalisations of
General Relativity and their cosmological
implications

Laviuia Heisenbery

Institute for Theoretical Studv=s, ETH Zurich, Ulauswusstrasse 47, 5092 Zurich, Suntzerland.

Ahstract

A century ago, Einstein formulated his elegant and elaborate theory of General Relativ-
ity, which has so fir withstood & muliitude of empirical tests with remarkable sucvess.
Notwithstanding the triumpns of Einstein's theory, the tenacious challenges of modern
cosmology and of particle physics have motivated the exploration of further generalised
theories of spacetine. Even though Einstein’s lerprelalion of gravily in terus of Lhe
curvature of spacetime is commonly adopted. the essignment of meometrical concepts to
gravity is ambiguous because Cenersl Relativity allows three entirely different, but equiv-
alent approaches of which Einstein's interpretation s on'y ane. From a field-theoretical
perspective, however, the construction of a consistent theory fur a Lorentz-invariant mass-
less spin-2 particle uniquely leads to General Relativity. Keeping Lorentz invariance then
implies that any modification of General Relativity will inevitably introduce additional
propagating degrees of freecom into the gravity sector. Adopting this perspective, we will
review the recent progress in constructing consistens field theories of gravity based on ad-
ditional scalar, vector and tensor fields. Within this conceptual framework, we will discuss
theories with Galilenns, wvath Tagrange densities as construoeted hy Horndeski and beyond,
extended to DIOST interactions, or containing generalized Proce fields anc extensions
thereof, or several Proca ficlds, as well as bigravity theories and scalar-vector-tensor thec-
rics. We will revicw the motivation of their inecption, different formulations, and cssential
results obtained within these classes of theories together with their empirical viability.

Keywords: Modihied Gravitv, Massive Gravity, Scalar-lensor theories, Generalizea
Proca, Multi-Proes, Scalar-Vector-Tensor theories, Cosmology
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