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Program to constrain EFTs from consistency with basic physical principles:

M

unitarity, locality and causality.

higher-spin theories

massive gravity
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Motivations



Gravity 1s related to many of the deepest puzzles in fundamental physics today.

Dark Matter

galaxy rotation curves gravitational lensing
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Dark matter has only been felt gravitationally.



Gravity 1s related to many of the deepest puzzles in fundamental physics today.

Inflation
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Inflation resembles a gravitating, nearly constant, vacuum energy.



Gravity 1s related to many of the deepest puzzles in fundamental physics today.

Strong Quantum Gravity

SgH = %Mgl/d4x\/—g}% = O(0*h™)

uv = Nuv + hf,uz/

E 2 E > Mp
graviton scattering M ~ (—) > P ~ ‘M‘Z > 1

h(\g\y h

Gravity needs UV completion, e.g. string theory, and inevitably also the SM.



Gravity 1s related to many of the deepest puzzles in fundamental physics today.

Cosmological Constant

R,uz/ — %g,uz/R =+ MLPQ)IQ,W/ ACC =0

quantum fields = oscillators
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Vacuum energy shows largest disagreement between natural expectation and experiment.



Gravity 1s related to many of the deepest puzzles in fundamental physics today.

Electroweak Scale

['SM — Ekinetic + m%—]lle — )\H|H|4 + yw@ELHwR
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quantum corrections
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Higgs mass also shows large disagreement between natural expectation and experiment.



Tests of Gravity

experimental theoretical

modified gravity UV completion

DGP model

string theory

GRSMEFT
(Ruhdorfer, JS, Weiler '19)
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To charter the space of EFTs from gravity’s UV completions is crucial.

UV gravity
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An even more general question: what 1s the space of consistent EFTs?
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EFT = expansion 1n fields/derivatives consistent with symmetries of the system.



Amplitudes’ positivity

o




Quantum Field Theory 1s the successful unification of Quantum Mechanics and Relativity.

® Unitarity:

szzl Zei‘s

® (manifest) Locality:

® Poincaré invariance:
little group

0521 © massive:  spin SU(2)

n © massless: helicity 150(2)

N



® Causality:

[¢(CI3A)7 ¢(CIJB)] =0 (x4 — .:IJB)2 > 0
(spacelike)

® Gauge (redundancy) invariance:

"h=%1( ), Ay — Ay + A

" h=%x2 ( ), h,uu — h'uy + a,ufy + &/fu — 6/L€a6v£a

These principles alone make QFT a very powerful and constrained framework, e.g.

> h==x1: charge conservation
o h=2%2: equivalence principle
o |hl'Z23: o long-range forces



Eftective Field Theory

EFTs describe the relevant physics at low energies.

Weinberg soft theorem (gravity h = + 2)
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gauge Invariance

E;Jq/ = €uv + Q,LL)\V + QV)\,LL M(el) — M(E) —> Z Kip;/ - Z /{jpjy.

initial final

Equivalence Principle

S o 1 ..
Kij = K= 35 V1,7

My Ling = h T, 0,7 =0

) \

universal

General Relativity 1s the unique Lorentz invariant EFT for interacting massless spin-2 particles.



S-matrix Theory

S =1+i2m)*5(p) M

® Unitarity:
STS =1 (optical theorem)

® Poincaré invariance:
particle = (i, s)

Little group covariant amplitudes.

\ local, causal?

Properties of scattering amplitudes in the complex plane of kinematical variables.

2 to 2 scattering Mandelstam variables: s, ¢, u



o Analyticity:
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» Crossing symmetry:
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> Polynomial boundedness:
(Froissart-Martin bound)

> O
@

forward limit, ¢ — 0.

IM(s)] < c-slog?s

Satisfied by massive® QFT & perturbative (open) string theories.



(Gell-Mann, Goldberger, Thirring '54)

Dispersion Relation

1 MAB(S)

t—0 — forward elastic 2 to 2 scattering
2mi Jp (s — p?)?

Z IR residues / ds [branch cuts] + bo%dary
4

m?2

Froissart bound

tree-level EFT

crossing symmetry

optical theorem

s

. 2 [ ds

Positivity constraint from a IR-UV connection. m? 2



~ Do lif e
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UV theories with canonical S-matrices give rise to EFTs satisfying positivity constraints.

® Theory of interacting photons: (Euler, Heisenberg '36)
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Theories with wrong-sign coethicients live in the swampland of EFTs.



Many interesting applications:

a-theorem (4D)

Komargodski, Schwimmer '11

Luty, Polchinski, Rattazzi '12

Euler-Heisenberg, U(1) Goldstone

Adams, Arkani-Hamed, Dubovsky, Nicolis, Rattazzi '06 Goldstini, R-axion

de Rham, Melville, Tolley, Zhou '18 Dine, Festuccia, Komargodski '09

Bellazzini '16
Bellazzini, Mariotti, Redigolo, Sala, JS '17

compositeness, SMEFT
Distler, Grinstein, Porto, Rothstein ‘06

Vecchi ‘07
Low, Rattazzi, Vichi ‘09
Bellazzini, Riva, JS, Sgarlata '17 massive gravity, Galileon
Bellazzini, Riva 18 Cheung, Remmen '16
Remmen, Rodd '19 Bellazzini ‘16
, , de Rham, Melville, Tolley, Zhou 17
hlgher -Spins Bellazzini, Riva, JS, Sgarlata '17

Bellazzini, Riva, JS, Sgarlata '19

quantum gravity

Adams, Arkani-Hamed, Dubovsky, Nicolis, Rattazzi '06
Bellazzini, Cheung, Remmen '15
Bellazzini, JS, Lewandowski ‘19

among others.



Gravitational Amplitudes

Turning on gravity gives rise to a universal forward (Coulomb) singularity.

B B B B
2
M(t —0) = —7-— + O(s)
Pl
MﬁB(SZO):% %;UAB_))((S)>O
X0 = OO

Amplitudes’ positivity in gravitational theories useless unless we regulate the /-channel pole.



Graviton Singularity Regularization

The source of the problem: in the forward limit, soft graviton probes the infinite (flat) space.

M(t = 0) = —gh= = + O(s)

h t—0 \ﬂﬁ .. arbitrarily large distances
vt U

The 1dea of the solution: reduce available space.



(Bellazzini, Lewandowski, JS '19)

Compactification to 3D

(2+1)D flat space

(3+1)D flat space

9uv > 0, V, , KK-modes

T

2
2

~ T

2
my,

graviphoton

N\

/ 1
dilaton

non-dynamical metric

A, , ¢, KK-modes

DN

scalar-photon

/

photon

v =0,1,2

M,N =0,1,2,3

L — 00 to recover 4D dynamics.



Several important comments on scattering in 3D.

® Little group:
little group

> massless: helicity 22

© massive:  spin U(1)

Any (even) massless field 1s dual to a scalar field.

e.g. 3D photon:

AS = /de\/—g %Fuye“”p(‘?pgo



Several important comments on scattering in 3D.

® Gravitational scattering:

S=1L / d*z\/=g Lam [R*™, 0, VI, ®, FM]

\\

They mediate gravitational interactions.

Non-propagating, yet gravity is non-trivial: Aharonov-Bohm-like scattering

52
1
MEH — LM2 2 - \//\\/09
P+ 5 6 Vs
16(LM 1) 5 — AT, M2 (Deser, Jackiw, 't Hooft '84
Pl 't Hooft ‘88
Deser, Jackiw ‘88
Ciafaloni '92
Zeni 93

Deser, McCarthy, Steif '94

Forward limit is regular — leading gravitational amplitude can be explicitly subtracted.



Several important comments on scattering in 3D.

® Gravitational scattering:

S:L/dSCIj g,CEMR’uVO'VMV(I)F'uV]

\\

They mediate gravitational interactions.

Non-propagating, yet gravity is non-trivial: scattering on a conical space

52
1

By 16(LM BE

(Sommerfeld, 19th century)

Forward limit is regular — leading gravitational amplitude can be explicitly subtracted.



Weak Gravity Conjecture



(Arkani-Hamed, Motl, Nicolis, Vafa '06)

Weak Gravity Conjecture

The (mild form of the) WGC 1s a statement about extremal Black Holes being able to decay.

Z Z i >Z\qz\ =

extremal BH

V2 gMp =1

There must exist states for which gravity 1s the weakest force — seems statement beyond EFT.



(Arkani-Hamed, Motl, Nicolis, Vafa '06)

Einstein-Maxwell EFT

Effects of leading higher-dimensional operators on BH extremality condition.

— / d*x\/—g [%MP%IR — 2 FMY Fyrw

- 2
+ ay 4M4 (FMNFMN) + g 4]\21%1 (FMNFMN) + as 2]\21:2)1 FMNFRSWMNRS]

/

Weyl tensor

Q

V2 gMp 7 =1+ 2(4m)> 2!

extremal

If 2a1 — a3 > 0, extremal BHs are 1n fact the required states.

expansion parameter

il = (ARg) ™7



Proof of the WGC

Scattering photon 3D zero-modes.

2
MDD — DD — ]\j;L (201 — az) > 0
M(AA — AA) = 25° (201 + az) > 0
M2 L
M(PA — A) = 157 >0
M3 L

The mild form of the WGC follows from prime principles of the S-matrix.



Several important comments on the result are in order.

® Loop corrections:

A

B UV discotinuity
o == [R discotinuity
o ® KK threshold production

Positive contribution to the RG running of the higher-dimensional operators —can be subtracted.

52(11:&043 < 07 5@2 <0



Several important comments on the result are in order.

® Loop corrections:

A

B UV discotinuity
o == [R discotinuity
o ® KK threshold production

This was to be expected from a purely 4D calculation:
(Deser, Nieuwenhuizen '74)

&1,2(80) — al,Q(g) T 871T2 16307 log %

This implies that asymptotically large extremal BHs automatically satisty the WGC.



Several important comments on the result are in order.

® Rest of positivity bounds:

~ 25°

M(PP — OP) = 2001 — > 0
( ) Mé)lL ( a1 043)

. 25° : Q
M(AA — AA) = ME%IL (2ai;1 + a3) > 0 —> magnetic extremal BH A 1

- 452 ——
M((I)A — (I)A) — MZ L%> 0 ——> dyonic extremal BH O ij_QQ > 1

Pl 7

Q=0 |
(e.g. Jones, McPeak '19)

Continuous positivity bounds associated with arbitrary linear polarizations.
c12) = o1, | T12) + 8615] b1,2)
az(Cog, + Cag,) + 4darch + 4oy s > 0
3\&20, 202 1%6, 46 2901405

Match those derived from AS > 0 for dyonic, non-extremal BHs.
(Cheung, Liu, Remmen '19)



Several important comments on the result are 1n order.

® Beyond EFT leap:

Indication of super-extremal (¢ > m) sub-Planckian particle content,

(Arkani-Hamed, Motl, Nicolis, Vata '06)

might follow from modular invariance in perturbative string theory.
(e.g. Heidenreich, Reece, Rudelius '17)



Several important comments on the result are 1n order.

® Relaxing Froissart bound:

Main UV 1nput 1s polynomial bound — maximal consistent departure

: 1
: 2
Jm M)/sT~ e

Such behaviour is suggested by scattering of (3D) gravitational zero-modes.

A A 82

M(®Po — Po) = —M(Ac — Ao) = AT
Pl

a3 —> |043’NF

(Camanho, Edelstein, Maldacena, Zhiboedov '14)

Retaining Froissart bound for scattering of (3D) photon zero-modes

—> A S gMp




Modified gravity



= [ dtoy=g |03 R - 00y +

Axion and P(X) theory
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Gravity turned off: a >0

Late time cosmology: f ~ \/ MpH
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(Pirtskhalava, Santoni, Trincherini, Vernizzi '15)

Weakly Broken Galileon

— /d4g;\/?g [%MI%IR— %(6%) — %(%) 4—/1\4(%)

Admits stable Galileon-preserving vs -breaking hierarchy:
A5~ H*M3,, A3 ~ H*Mp;

~ 2kt
MZ&B(S 0 = —/ 32 LO'AB—>X > 0

v

. 2 [ ds
Mﬂ'ﬂ'(s — O) > ;/ ? ;Uﬂ'ﬂ'—)ﬂ'kﬂ'k (3)

3D compactified beyond-positivity bounds.
(Bellazzini, Riva, JS, Sgarlata '17)

1672\ /8 1
A< (HgMP1)1/4 ( i ) ~

c 107 km

Regime of calculability limited — EFT needs UV completion at macroscopic distances.



Outlook



The WGC has many versions, ramifications, generalizations — checks.

> Multiple U(1)s.
Supersymmetric extremal BHs.
» Axion decay constant.

> Einstein-Maxwell-dilaton.

There are many potential applications of the gravitational positivity constraints.

> Gauss-Bonnet term.
- Inflationary models.
> General scalar-tensor theories.

> Scalar gravity.



(Ruhdorfer, JS, Weiler '19)

Positivity Constrains on the GRSMEFT

Most general non-redundant basis of operators for the SM + gravity EFT.

L = _C p"C“VO‘BOQ Bpo T A2C/W PUCMVaﬁca 8o

+ 12 2 HIHC, e CP7 + 2 N HTHCWJCWW
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14 o
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A

A A

Hilbert series plus Weyl tensor as basic gravitational building block.

W

5 LUAB%X(S) >0

SEIY
V)

MZXB(S =0)

Constraints imposed by amplitudes’ positivity.

Possibility to learn about the connection of the SM with gravity’s UV completion



Fast Gravity Conjecture

Our positivity bounds have been found to imply gravity is the fastest force.
(de Rham, Tolley "19)

C
U

Cry

from leading R?, C? operators — in FLRW and warped geometries.

Only relative speeds are physical.

Possibility this leads to a more general/deeper swampland criterion.



Conclusions

Amplitudes’ positivity can be implemented in gravitational theories.

Obstruction due to graviton forward singularity avoided by 3D compactification.

The (mild) WGC 1s the result, from an EFT IR perspective,
of a UV theory of quantum gravity with a consistent S-matrix (unitary, local and causal).

Is string theory the only UV completion with such a canonical S-matrix?

Do all string theories in fact satisfy our assumptions?

Modified gravity theories sutter from limited regime of predictivity.

Much remains to be explored within the EFT approach.



Thank you.



(Adams, Arkani-Hamed, Dubovsky, Nicolis, Rattazzi '06)

Superluminality

Theories with wrong-sign coefficients lead to violation of causality in non-trivial backgrounds.

solenoid K—’/ capacitor

cA4\E\2
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Compactitying Einstein-Maxwell

dsi[gmn] = e“dss[gu] + e 7 (dz + V,dat)
AdeM = A, dz" 4 ®dz
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