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Why should I care about the scale of eftfective field theories

A systematic expansion in powers of momentum to

Effective Field Theories extract the validity of Quantum field theories.

Four Fermi Theory

EWSB and Unitarity
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Why should I care about the scale of eftfective field theories
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See for example , Manohar, Tasi lectures 2022






The Classical Action for Gravity
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Conserved Source
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The Ricci is a two derivative object

Einstein Hilbert Action is a dimension 6 operator with a cut-off Mp -
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Gravity as an Effective Field Theory

The Classical Action for Gravity

Einstein’s Equation
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The Ricci is a two derivative object

Einstein Hilbert Action is a dimension 6 operator with a cut-off Mp -
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Consistent with semi-classical gravity
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Gravity as an Effective Field Theory : Diffeomorphism and Mass Terms

huv = Ay + 0,85 Equivalent to transformation for Gauge Theories ’ A, — Ay + aufl
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for the massless graviton d=5 DO F=5
L - - = 1

D.O.F counting in d dimensions -
for the massless gauge boson m
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Let's think of a Massive Photon

| Mass term explicitly breaks the gauge redundancy
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Let's think of a Massive Graviton | S¢ = [ d*z\/gR+ m*((huw)® — hz) + #ihyu 17 Fierz-Pauli Theory: 1940



5 propagating degrees of freedom
2 transverse + 3 longitudinal

1 1 . .
rescale A, — —A,, ® — —5¢@ Assume source is conserved , vanishing 9, T""
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1. Scalar couples to the trace of the stress energy tensor and does not decouple.
2. Behaves like a Scalar-Tensor/Brans-Dicke Theory. Affects the Newtonian Potential
3. vanDam-Veltman-Zakharov Discontinuity. M-> O limit not smooth under Stuckleberg
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Gravity as an Effective Field Theory : Diffeomorphism and Mass Terms
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Gravity as an Effective Field Theory : Diffeomorphism and Mass Terms
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3. The propagator grows as 1/s
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Amplitude grows as 81/2 Discontinuity as m-> 0. Does not reduce to i 2
MM Einstein-Hilbert action

Unitarity is violated at a scale A5 = (Mplm4)1/ ’ & Mpl

De-Rbam, Gabadadze, Tolley (2010)
Cheung and Remen (2017)
Bonifacio, Rosen, Hinterbichler (2019)

Georgi, Arkani-Hamed, Schwartz (2001)
Schwartz (2003)







Most general potential g 1 iz | (V=gR) — \/jgl m2V (g, h)
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(V=GR) ~ V=g im?V (9. )

Tune coefficients to raise the scale, avoid ghosts



Non-linear massive gravity
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Non-linear massive gravity
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Tune coefficients to raise the scale, avoid ghosts
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Cut-off scale raised to A3
Can show that cut-off can’t be raised above Ag

Realizations of this set up : dRGT gravity, Bi/Multigravity



Compactified §D theory)

5.. /-
SSD X M3 / " g1tsp 5D diffeomorphism with a 5D Planck mass

Compactification (IR phenomenon) should not change the bigh energy (UV) bebavior,

High energy growth

Coupled channel analysis

A. Flat Extra dimension compactified on a torus
B. The Randall Sundrum Model (ADS)






Understanding the problem : Geometrical Deconstruction of Dimensions

minimal discretization

Discretize a dimension with nearest neighbour interaction
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The mass terms correspond to broken diffeormorphisms, A — (N Vo) 15
which can be replaced by Stuckelberg/Goldstone fields. min = (Nm1Mpi)

Amin < Amax — MSD (RMSD)_5/8

Formally never recovers the full 5D
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Discretize a dimension with nearest neighbour interaction

Lomin = ) _ M*\/¢IR[g] + M*m*/ g7 (g, — g3t )9 957 — 9" 957 ) (e — g0d ™)
)

The mass terms correspond to broken diffeormorphisms, A — (N Vo) 15
which can be replaced by Stuckelberg/Goldstone fields. min = (Nm1Mpi)

| discretization Amin < Amax = Msp(RMsp)~5/8 Formally never recovers the full 5D

In a full/truncated KK theory,
we need all interactions and not just nearest neighbour ones

Arkani-Hamed, Georgi, Schwartz 2002
Arkani-Hamed, Schwartz 2003
truncated KK theory Schwartz 2003



Compact Extra Dimensions : A primer

Anstaz- The Fundamental Theory is 5 or D dimensional

Sign = =M / A/ gltn) RUTT

Fluctuations in 5D  gmn(z, $5) — (

5D gauge invariance
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ds* = (Gyn)dxMdxV

e There exists a number of n new spacial compact dimensions. For instance a simple
manifold could be just My, x T™.

e The fundamental Planck scale of the theory is very low Mp ~ TeV.

e The SM degrees of freedom are localized on a 3D-brane stretching along the 3 non-
compact space dimensions.
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= exp(-ky) v
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Randall-Sundrum 1999



Compact Extra Dimensions : Randall-Sundrum Models
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Compact Extra Dimensions : Randall-Sundrum Models
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An Elastic scattering process in compactified theories
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An Elastic scattering process in compactified theories

Amplitudes and Coupling Structures on a Torus/ADS

Rsp = GV Ry

Expansion of Ricci gives two different
types of coupling structures
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An Elastic scattering process in compactified theories

Amplitudes and Coupling Structures on a Torus/ADS
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Amplitudes and Coupling Structures on a Torus/ADS
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Amplitudes and Coupling Structures on a Torus/ADS
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Amplitudes grow as s/M_{PI}*{2} : Consistent with gauge-invariance expectations

Phys.Rev.D 100 (2019) 11, 115033 Phys.Rev.D 101 (2020) 7, 075013 Phys.Rev.D 101 (2020) 5, 055013



Elastic 2-to-2 KK Mode Scattering Matrix Elements in RS1
Fastest Energy Growth per Helicity Combination: (A,,A)) = (A;,A))
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Goldstone Boson Equivalence theorems for compact extra dimensions
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Goldstone Boson Equivalence theorems for compact extra dimensions
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~$ Only O mode/radion is physical, higher modes higgsed/goldstones




Goldstone Boson Equivalence theorems for compact extra dimensions

ds® = >4 (n,, dxtdx”
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Un-physical KK graviphotons/goldstones

A(z) = —In(kz)

Physical KK gravitons, O mode + tower of massive states

~$ Only O mode/radion is physical, higher modes higgsed/goldstones
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Goldstone Boson Equivalence theorems for compact extra dimensions

Ward Identities | (TF),(x)®) = (TF5(z)®) =0

Any External on-shell physical fields after LSZ amputation
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Goldstone Boson Equivalence theorems for compact extra dimensions

Ward Identities | (TF),(x)®) = (TF5(z)®) =0

ﬁ—k—b Any External on-shell physical fields after LSZ amputation

1
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1 n U AT
(T (zmnh 8 Al [mn¢ ) =0
L

Consider an amplitude of the form
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Goldstone Boson Equivalence theorems for compact extra dimensions

Consider the longitudinal polarizations of the KK graviton

Ly 1 The bad high energy growth part comes from the last term €y~ O(E?/m?)

i = 7

el el + € —|—2€Oeo)

e p"p”
Using the polarization sum Z EXEX = TN - m2
A==,0
. . L el — L (T - 3ef el
Rewrite the longitudinal polarizations as 0 V6 2 00
: : p,u
And separate out the bad high energy behaviour el = — n: (1, —p/lp]) ~ O(m/E)
Thls is fine

Bad High Energy growth
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Goldstone Boson Equivalence theorems for compact extra dimensions
Use Ward Identities to write the scattering amplitude as
h pv _ me A~ h ~uv
T b =T% —ivV3T ey +T),e

.ggNO(m/E)l ¢ ggl/ N O(mQ/EZ)
No Bad High Energy growth

| Scattering Amplitude of longitudinally polarized KK graviton=Scalar Goldstones in the High Limit |

- Similarly for Helicity 1 one states




Goldstone Boson Equivalence theorems for compact extra dimensions

Example 1: Scattering of two bulk scalars with two KK gravitons
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Goldstone Boson Equivalence theorems for compact extra dimensions

Example 2: Scattering of two gravitons with two KK gravitons

- ,’o Sp(nS) Sp(nl) ~\\ /, gp(n3) Sp(nl) \\ /, gp(n3)

~ ~
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Agrees with Unitary gauge calculation
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Chivukula, Gill, Mohan, DS, Simmons Wang et al, Phys. Rev. D 109 (2024), 1 Phys. Rev. D 109 (2024), 7






A Short Summary of Double Copy: BCJ double copy : Bern-Carrasco-Johannson 2010
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The Contact Interaction is factored into the above definition by suitable kinematic reshuffling



A Short Summary of Double Copy: BCJ double copy : Bern-Carrasco-Johannson 2010
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Consider Gluon Scattering Amplitudes PAlee — g2 (nscs -G nucu>
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+ S (51 ' 83)(52 y 84) — (81 y 64)(82 y 83) : | (:

The Contact Interaction is factored into the above definition by suitable kinematic reshuffling

Gauge Invariance demands that the amplitude must vanish under polarization to momentum replacement
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Color and Kinematic Factors are mutually Interchangable

Amplitudes and Double Copy
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Amplitudes and Double Copy
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Amplitudes and Double Copy
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Amplitudes/double copies and equivalence theorems
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-~ Statement of Gravitational Equivalence Theorem
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Amplitudes/double copies and equivalence theorems
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Amplitudes/double copies and equivalence theorems

Color -> Kinematic replacement | (C,.C,C,) = (N, N N

Mol — i) = cog? |20 4 N (V)

B Io Up _
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O Works for Compactified Torus on flat space-times -> Hang-He PRD 2022

O Works for a compactified spacetime with an ADS background -> Chivukula, DS, Gill, Wang et al, PRD 2023



Further works in this direction

O SupersymmeTriC Structure of COmPGCTified theories -> Chivukula, Simmons, Wang 2021
O SCC(TTer‘ing GmPIiTUdCS fOr' MOdU“/f‘GdiUS stabilized geome‘l'r‘ies -2 Chivukula, Foren, Mohan, DS, Simmons 2021,2023

O Goldstone Equivalence Theorem with Matter couplings and generalized Poincare symmtries (Kac-Moody
Al gebr'ClS ) =2 Chivukula, Gill, Mohan, DS, Simmons, Wang 2023 (Josh Gill’s Poster)

O Scattering Amplitudes in models with curvature localized on D-branes/ DGP model correspondence ->
Chivukula, Mohan, DS< Simmons, Wang 2024

O SCGTTer'ing AmpllTUdes and matter COUP““QS In massive gr'C(ViTy -2 Gill, DS, Williams 2022 (Josh Gill’s Poster)

O App“CGTiOnS for KK pOl"TC(I dark matter models -> 1o appear soon



Conclusions

e Compactified theories of extra dimensions -> No low energy cut-off
e Cancellations due to different diagrams reduce O(s®) growth to O(s).
* No low energy cut-off for consistent models of stabilization

* Uncovered sum rules enforcing this cancellation

e Can show -> Analysis extends to matter on brane or bulk

* Consistent with literature on massive gravity.

* Possible to double-copy a compactified gauge theory to compactified gravity for flat toroidal compactification
* Pheno papers : Doing an unitarity analysis for DM models, ultralight radion as a candidate ...

* Theory papers : Spinor Helicity/Goldstone Equivalence calculation ?

* More connections with massive gravity community ...
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