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Let's think of a Massive Photon | Mass term explicitly breaks the gauge redundancy
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Massive Gauge Theories

Let's think of a Massive Photon

| Mass term explicitly breaks the gauge redundancy
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Goldstone Boson Equivalence Theorems for the Standard Model W's
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Goldstone Boson Equivalence Theorems for the Standard Model W's

Muw + M2+ ML+ MM, =
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Adding the two reduces the growth to a constant and restores unitarity

Using the Goldstone Equivalence Theorem : In 't-Hooft Feynman Gauge replace longitudinal W's with Goldstones w—
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The Classical Action for Gravity
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The Classical Action for Gravity

Conserved Source

Einstein’s Equation 1

2
5,= [ da/a5F - B = g9 R = —87GTu| g = 2.% (e,

The Ricci is a two derivative object v — Muw + Kl

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

2
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The Ricci is a two derivative object  Juv — N + Khy

Einstein Hilbert Action is a dimension 6 operator with a cut-off Mp -
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The amplitude grows as S/Ml%l 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

- 1
C : : d=3, D.O.F =0
D.O.F counting in d dimensions d(d_|_]_)/2_2d — d(d—S)/Q | d4=4 D.OF=2
for the massless graviton d=5 DO F=5
L - - = 1

D.O.F counting in d dimensions -
for the massless gauge boson m



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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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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U

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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1. Each external polarization grows as s/m?2 .
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3. The propagator grows as 1/s
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Most general potential S = 942 d”r |(V=gR) —V~g ZWQV(% h)
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Most general potential 5 = 52 d”z | (V=gR) — v —meQV

= Z 2 -
- P oS- o - , - .= ) = - y 2 - - >
e Z oo e  —-g S ro L ap v > o o e - D e W Dy TNV oo e~ — g By TRy, o ro e — g

= (W) — (B,

)
R

o

Tune coefficients to raise the scale, avoid ghosts

10

<
< < ‘
= AU alh) () + Fal7YCR)? + L () () + Folh®) )

(9, h)_




Most general potential

Tune coefficients to raise the scale, avoid ghosts

c1 = 2¢3 + =, = —3c3 — —,

dl :—6d5—|——63—|— d2:8d5——63——,

dg — 3d5 — —C3 — — —6d5 + —C3,

(VZGR) ~ g m?V

De-Rahm, Gabadadze, Tolley
Cheung and Remen
Bonifiacio, Rosen, Hinterbichler
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Non-linear massive gravity

5= g | 0 (V790 — VotV
L Valg.h) = +or(h) + calh®)(h) + calh)?

Vilg.h) = +di(B%) + da(h®) () + dy(h)? + du(h2) (h)? + ds(h)?, |

FVilg.h) = +A) + B () + %) (0 + Fi(h*)(h2) + f5(h2)?(h)

R L A —

Tune coefficients to raise the scale, avoid ghosts

1
3 3! 3 1
- _ _ _ . De-Rahm, Gabadadze, Toll
dy = —0ds + 263 i 16’ dy = 8ds 263 4’ Cﬁeuiggndi!eam:n oo
3 1 3 Bonifiacio, Rosen, Hinterbichler

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)
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Understanding the problem : Geometrical Deconstruction of Dimensions

minimal discretization

Discretize a dimension with nearest neighbour interaction

L min ZMQ\/ IR[g’]+ M*m*\ g’ (g, — gl (g g5 — ¢/ 97 ) (ghe — ot )

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




Understanding the problem : Geometrical Deconstruction of Dimensions

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






Orbifolded Torus | o




Orbifolded Torus | i,

S = Mg / d%;dy\/ (; R(5) Integrate over extra dimension: 4D EFT with a cut-off

KK Mode Expansions
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Orbifolded Torus | -

S = Mg’ / d4$dy\/ (; R(5) Integrate over extra dimension: 4D EFT with a cut-off

KK Mode Expansions
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Orbifolded Torus | s

S = Mg’ / d4$dy\/ (; R(5) Integrate over extra dimension: 4D EFT with a cut-off

KK Mode Expansions
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Orbifolded Torus

S = M3 / d*zdyv/GRY

KK Mode Expansions
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Compact Extra Dimensions : A Primer

(i) A 5D field appears as a tower of KK modes from 4D point of view, with each mode having a profile
in the extra dimension.

(ii) The profiles and the KK masses are obtained by solving an eigenvalue problem (or wave equations in |
5D space-time). !

3R

(iii) The coupling of particles (i.e., zero and KK modes) is proportional to the overlap of their profiles in
the extra dimension.

R, i

1R -

Mormentum States

0
omall Radius Large Radi




Compact Extra Dimensions : A Primer

(i) A 5D field appears as a tower of KK modes from 4D point of view, with each mode having a profile

in the extra dimension.

(ii) The profiles and the KK masses are obtained by solving an eigenvalue problem (or wave equations in

5D space-time).

(iii) The coupling of particles (i.e., zero and KK modes) is proportional to the overlap of their profiles in

the extra dimension.

e The 4D graviton and its KK modes

e 4D vectors and their KK modes

e 4D scalars and their KK modes

aF

[Nz

)

N—

/

Mormentum States

Vanishes on Orbifold,

>

0

3R

R, i

1R -

Small Radius

Higher Modes get Higgsed

Higher modes of scalar get Higgsed,
leaving behind a single field with a flat wave function
(radion/dilaton/modulus/breathing mode)

Large Radi
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Compact Extra Dimensions : Randall-Sundrum Models

Einstein Frame (
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Compact Extra Dimensions : Randall-Sundrum Models

Einstein Frame (

2k
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Conformal co-ordinates : patch of AdS

L2 Invariance
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Mass spectrum  'lin = kxpe TeV scale masses for kr. =11-12
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Wave Functions on a Torus/ADS

_ 4 _ 4 . p(eff) ~ 1 = 2 () RN SN (1) :
S = / d*x[dyLsp] = / d*xLyp b y) = 2= b Gwnle) | 10 =T T W G | pladien i,
¢ n=0 5D field 4D fields wixn

e is orthonormal+complete with discrete spectrum p,,

e takes 5D graviton — 4D graviton + massive spin-2 tower

Describes a Hilbert space of wave Functions



Wave Functions on a Torus/ADS

o 4 L 4 (eff) A B ] = ~ (1) . _ 1 A(0) .
S - /d ‘x[dyESD] — /d x£4D h,uu(xa y) o e z;hﬂl/ (X)Wn(¢) C%B_)/ \/T"“c \T ﬁ(x), if/o/ D]é}é%%(;)rz)slgt%n
C n= 5D field 4D fields wfxn

e is orthonormal+complete with discrete spectrum p,,

e takes 5D graviton — 4D graviton + massive spin-2 tower

Describes a Hilbert space of wave Functions

Schrodinger Equation Orthonormality Completeness
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Wave Functions on a Torus/ADS
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Schrodinger Equation Orthonormality Completeness
d ) . dl//n_ . 1 TaT, B 1 _
—ay [ gy | T e e — / dye ™ lyr, (N (v) = S| [ €7D0y () = 8y = ')
i i cJ—nr, ¢ J
Solutions
(W = 1 __ \/ KT
W, = < 07 2 , Yo | — p—2mkr,

Ly, = —cos(n|g)|) o T2k T

mn mn _
W, () = N _]2 (76+ky> +b,,Y, (7€+ky> |

ﬂn:man:n







An Elastic scattering process in compactified theories

T

J, T

(1

T

T Soan o
757
nm

T T i T T
%E}< X
1 1 i 1 T

Rsp = G Ry



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

n o N pr U N non &
J, T ' '
Js T J> T

n n TLD@%f”%%bQ\TL n T n n
3]

T T3

:% T3 D Apingns bP[n17n27n3] :K
no 7o Ty

D

an1n2n3n4

b’]) [nl y 102,13 ,714]




An Elastic scattering process in compactified theories

Amplitudes and Coupling Structures on a Torus/ADS

Rsp = GV Ry

n

T
Jy T

n

n

n

e gt T

n n o n n
b e n n n

3]
} s D Uninans bP[n17n27n3]
%,

Expansion of Ricci gives two different
types of coupling structures

Ty

%)

X

T3

2 Qningnsng bP[m,nz,ng,m]

T 4

Define E(

radion ﬁelds.

S)

HR—

all terms 1n EERDS)

with /1 graviton fields and F

By construction, each term in this set is either

e A-Type: has two spatial derivatives 9,,0,, or

e B-Type: has two extra-dimensional derivatives ()5

RS
L), =

o (H+R—

~(RS)
A:h

2)

(RS)

t‘_/[ (R—1)|y|—Rmre) r

—(RS)

AhH R‘I’

k12(R— ’l\r;\—ﬁufﬁ

(RS)
B:hH R










Amplitudes and Coupling Structures on a Torus/ADS

> |y S

n SLU/|[n n n n J>0n

M —

n

n_

Couplings are proportional fo products/overlaps of wave functions and derivatives of them



Amplitudes and Coupling Structures on a Torus/ADS

> |y S

n SLU/|[n n n n J>0n

M —

n

n_

Couplings are proportional fo products/overlaps of wave functions and derivatives of them

1
>gn3 2 Aninans bP[m,nz,ns]
7o

| T,
Annj = — / dye >y, (0w, 0w ()




Amplitudes and Coupling Structures on a Torus/ADS

Z r o Zn j &N

n SLU/|[n n n n J>0n

M —

n

n_

Couplings are proportional fo products/overlaps of wave functions and derivatives of them

T (5 ns
Tlg 2 an1n2n3 bp[n1>”2an3] :>€< D) @n1n2n3n4 bP[nl,nQ,nsaml]
7o

% T Y

3 and 4 point non-derivative couplings

| T,
B ok | nr,
amj = o / dye Py, (y)w, (y)y;(v) ypnn = / dye™ My, (), (0w, (0w, (v)

—Tr, r . —ITr,

3 and 4 point derivative couplings

]"C re _ r,
Dunj =~ /_ . dye=* M (0, ()0, V) (v |b, —=Tc / dye=* D10,y () 0y () () ()

Fe




Amplitudes and Coupling Structures on a Torus/ADS

Z r o Zn j &N

n SLU/|[n n n n J>0n

M —

n

n_

Couplings are proportional fo products/overlaps of wave functions and derivatives of them

T (5 ns
Tlg 2 an1n2n3 bp[n1>”2an3] :>€< D) @n1n2n3n4 bP[nl,nQ,nsaml]
7o

% T Y

3 and 4 point non-derivative couplings

| T,
B ok | nr,
amj = o / dye Py, (y)w, (y)y;(v) ypnn = / dye™ My, (), (0w, (0w, (v)

—Tr, r . —ITr,

3 and 4 point derivative couplings

]"C re _ r,
Dunj =~ /_ . dye=* M (0, ()0, V) (v |b, —=Tc / dye=* D10,y () 0y () () ()

Fe

Fe —rkr e —
by = 2 b, / dye=2 (D, ()0 (V) e

T T,







—TTr,

0 J ] Y,
) r T + E Qn,i Gnnj =~ / dye™ Py, )y, (n)y; (v)
J




Amplitudes and Coupling Structures on a Torus/ADS

0L "X ]
> 4+ +)

Product of two 3 point a couplings is a 4 point a-type coupling

e
i onj = /_ B dye > Py, () (0w ()
_zkyy!Zt/f] w;(y') =6y =)
Upnnn E :Cl nj




Amplitudes and Coupling Structures on a Torus/ADS

N n n n ng, . £n
r 0 J 1 Y, -

. T T Z i Gnnj = p— /_ B dye > My, () (V) ()

SaTaU n n n n ]>O n n_ .] C
_zkyy!Zt/f] ;') =y =)

Product of two 3 point a couplings is a 4 point a-type coupling
nnnn Cl n]
J

1
- 2.2
Annnn = ij Aynj bnnnn g”l Felunnn










+5
M(s,cos0) = » M® (cos 0) - sk

k=—o00

o U L
€ip = €164,

1
HU H v H U
€41 = 72[%160 +ep€sy ).
eﬂy—i[eﬂ eV, + e e+ 2ehel]
0 T g lenta T 0€0
Ligh
p e

0, —cgcy £ 15y, —Cps
¢ ¢ ¢




Amplitudes and Coupling Structures on a Torus/ADS

| +5
M M AA( e N — N o) Nk
n n ]>O n JM(..S,COS 6’) — Z M (COS 9) 5

k=—00

pwo
€y = €416,
o k2 (7 4 cos 260) sin® 6 .
.,-"Vl(5)(cos 0) = — — ( T ST )8 N Qpnnn — Z nin} Ay = —ij Ay » 1 y
e YU, y €] = 72 €160 + €€ty
eﬂy—i[” eV, + e e + 2 el]
2 12 0 —I—l —1 1~+1 00
o, k% (7T+ cos20) . /6
MW (cosh) = — : 4-77?. Opnnn — O m2a? Ay = = Y M50,
( ) e 27648mB ' Z Jrnng Z S otidh
o

O,—C C, LT 1S , —CpS
0% ¢ 0°¢




Amplitudes and Coupling Structures on a Torus/ADS

n:::{n Z N n n +5
e
n n SLU]ln n n n J>0np JM(*}’COS )_ Z M (C’OS ) <

o U L
€ip = €164,

MO (cos ) = k2 (7 + cos 20) sin* 0 Z g Z
y COS N ppnn — Y @ ==Y m’
. 230 4,772 ‘ nInmn J ninj » Apnnn J nn] 6;:'4:01 _

[e’ileg + 6/(;6111],

H v H U H U
€162 + el €h ) + 2606

2 ¢ 1\ 2
@ (o B (7 + cos 26) . B 3
M (cos ) = mr. 27648m? 4 G SZ mJ rm.; nnnn me “nn

—— (0, —cgcy L isy, —Cps
¢ ¢ ¢

| O(s?): Radion Coupling |

.2

: (3) . k% sin®# bh?
P M (cos b)) = : 108 ‘nnr +12mpa’, o — 16m Gnnnn + L.)Z mia®

re 4 7 nnj
o J - _ . . ]

7. 3456m3



Amplitudes and Coupling Structures on a Torus/ADS

n n Z N n n 0 +5
e
n n SLU]ln n n n J>0np JM(*}’COS )_ Z M (C’OS ) <

k=—00

o U L
€ip = €164,

2 (7 + cos 20) sin* 0 '
(5) 2 . | B - 3
M (COS 9) — 23047”8 Upnnn E (lnnj Apnnn Zm] nn] Gﬂy o 1 [e’u GV _|_ eﬂey ]
. v .ITl. - J -
| ] 41 \/i +1%0 O~+11°

i2 (7 COS 29)2 €o — 76 [6/44—16111 + 6/11614/_1 + 26/(;66]

= ' . | 4m?a — 3 E m; 202 Qppnn = — E m2
R oy v T T T HTLJ | J nn]
mre 27648m?

MW (cos h)

oLich
ey, = ::% (0, —cocy L isy, —cos,

| O(s?): Radion Coupling |

.2

; (3) k% sin®# b?
\‘ 3 ] ] nnr
M (cosf) = e 3456m . 108 i + 12mpa’, o — 16m Gnpnn + 15 E m] (:rmJ

' 2
@) 2 (7 + cos 20) s me ¢ >
O(SZ) M (cos ) T S184m° 108 - ~+12m,a;,
+ lﬁmgammn — 15-771 Z mh i a? nng T §) Z m n )

J







4

<

=2 -5 OFH1+2

+*BEFORE SUM RULES™

=> [

Legend

x| Bl = O(E*) growth

Elastic 2-to-2 KK Mode Scattering Matrix Elements in RS1

g 3434 |3[415|4(3]14]15(/6[5]4]|3[4]5]4|3| pPA3|4|3 M
3(4[5[4[3]14]15]|6]|5|4[(5]/6]7]6]/5)]4]|5|6|5[4[|3]4]|5]4]|3
>, |4(5]|6]5[4]15]|6|7]|6|5[|6]|7]8|7]|6](5/6]7|6[5)|4]|5[6]|5|4
3[4[5|4]|3]4]|5|6[5[4}15|6[7]|6]|5(4]|5]|6]|5[4}13/4[5]4]|3
g 314 |3 |314]5]|4[3](4[5][6[5[4][3[4[5[4[3|p4d3[4|3
3(4[5[4[3]14]|5|6]|5|4F|5[6[7]|6|5}]4]|5|6|5[4[3]4]|5]|4]|3
41516]15(4]15]16]|7(6]5)|6/7[8|7]|6f[5]|6]7|6[5]]4|5[6]|5]|4
=) |5]1617|6[5[6]|7]|8]|7[6[(7|8]9]|8]|7||6|7]|8]|7|6](5[6|7]|6]5
3[4]15]4]|3[14]15|6(5[4}15/6[7]|6]5[(4]5]6]|5[4]]3|4[5]4]3
41516]15(4[15]|6|7[6|5|46(7[8|7|6R[5]|6]7|6[5]]4|5[6]|5]|4
5|61716]15)16]1718|7|6|0718|9(8|7#6|7]8[7|6]]5][6][7[6]5
6[7[8]7][6][7][8]o[8]7[HsloM@olahl7]8]o]8|7||6]7]8]7]6
5(6[7]|6|5[(6]7)|8|7[6|07|8[9|8|7k6]7]|8|7[6]15|6[7]6]5
4(5(6/5|4115|6]7]|6]5|§61718|7|6H5|6]|7][6]|5]]4[5][6[5[4

4[(5(6]15]14115]|6]|7|6[5}16]7]8]|7]|6}|5|6[7[6]|5}]4]|5]|6|5(4

Fastest Energy Growth per Helicity Combination: (A ,A)) > (A,A,)

)\10

3[4]5]4]|3[(4]15|6(5[4}15/6[7]6]5[[4]5]|6]|5[4]13]|4[5]4]|3
4(5(6]/5]4115]|6]|7|6[5}16]7]8|7]|6}|5|/6[7[6]|5)]4]|5]|6|5(4
1 1516[7|6]15](6|71|8[7|6]17[8|9]|8[7}|6]|7]8]|7]|6](5/6]7|6]|5

4(5(6]/5]14115]|6]|7|6(5}16]7]8]|7]|6}|5|6[7[6]|5)]4]|5]|6|5(4

3(4(5[(4[3]14]15|6]|5|4[(5[6]7]6]/5}]4]|5|6|5[4[|3]4]5]4]|3
g 314 |34 [3(4]514]13114(5(6[5[4](3]4]|5|4|3|p43|4|3 W
3[4]15]4]|3[[4]5|6[5[4]|5|6[7]|6]5[[4]|5]|6]|5[4]]3]|4[5]4]|3
2 |4(5|6]15[4)|5]6]7|6]15](6|7]|8]7|6)15]/6|7|6]/5[|4]|5]|6|5]|4

3/4[5[4[3]14]15]|6]|5|4[(5]6]7]6]5)]4]|5|6|5[4[(3]4]|5]4]3
g 314 |34 [3[4]1514]13114/5(6[5[4](3]4]15|4|3|p43[4|3 W




Amplitudes and Coupling Structures on a Torus/ADS

Elastic 2-t0-2 KK Mode Scattering Matrix Elements in RS1
Fastest Energy Growth per Helicity Combination: (A ,A)) - (A,,A,)

Elastic 2-to-2 KK Mode Scattering Matrix Elements in RS1
Fastest Energy Growth per Helicity Combination: (A,,A,) &> (A,,A,)

+*BEFORE SUM RULES™

Legend

O(E*) growth

X

A
0

PA3[4[3 [3]4]5]4][3][4]5]6]5]4}[3]4]5]4][3]| HFA3[4]3 FA

SO~ [V~ PV |oT
o NNEE ~ | HEREE RN
QN T[S TRV T[S QT[NP
— YRV T[RRIV TR
— || [N[? ~“ R[OOI [O| [~
o|TRU—|o O+ NT|o|— QRN [T TRV T [o
Qo= [{V[o i A I ] I Bl N ' I A
O |NIRT || [V o — (o [o—~Bd—|o
%@ =N A N A= N —|Of|~/|O|— [ —| ||/ [O]|—
=~ RN A NEEE ~ (CNREE SESEE
N EhN EnNEN EEENE ~EENNE R
O |V [N ? ||| o|T o~ |o
N N ANl N S N A < QRN T[]~
QRN [RILRH T[N |V P T o o o[ 7|
QNN R S] |N[R T[]V [P ~— A N Asli=Ii
=l N — (O[T [N [~BY~|O|™ ol [o|—~ KR —
= N
m% 0 ) a5
(o\]
+ h
— E
7 5
(=) @)}
©| <
NG c| u
O ~—
o o §
()
-
>
B
N
qp
=
P

=i

-2

3|14[5]4|3F|4]/5]|6|5[4}15]|6[7[6]|5}|4[5]|6]|5|4[13]|4|5[4]|3

3[41514[3[(4[5|6|5[(4|(5/6]|7]|6[(5)[4[5]|6]5[4](3/4]|5]4|3

3/4[5]4]|3}[4]5]|6|5(4]15]|6[7]6]|5)|4]5]|6]5|4](3]4|5[4]|3
4151615(41|5]|6|716[5)|6]7(8]7[6)]|5]6[7]|6[5)(4]|5]6]|5]4

41516(5]41(5]|6|7[6]|5[(6]7[8]|7]|6]15|6[7]|6[5]]|4[5]|6|5[4
3[4]15[413]14[5|6]5|4]|5]/6]7]6/5)]14]15/6]15[4}(3]14[5]4]3
415|16|5(41|5]|6|7|6[5|46|7[8|7|cR5]|6[7]|6[5)[4]5]6]|5]4
5(6[(7]16]|5}|6]7|8|7|6|07|8[9]|8|7R|6][7]8]|7|6[15]6|7[6]5
6(718|7]|6}(7]18|9]8]7 89.98 71819]|8[71(6]7]|8[7]6
5(6|7|6[5)|6[7|8|7|6[07]|8[9|8|7k6|7[8]|7|6]]|5(6]7|6]5
41516(5]4)(5]|6]|7[6]5(46]7(8|7|6H5(6]7|6[5]|4][5]6[/5]|4
314(15]4(3]14(5]|6|5[4)|5]|6]|7[6]|5}[4]|5|6]5]4[13]|4[5]4]3
41516(5]41(5]|6|7]6]|5[16]7[8]7]|6]15|6[7]|6[/5]]|4[5]|6|5[4

41516]15]|4[(5]|6]|7(6[5}16|7[8]|7]|6f[5]|6]7]|6[5]]4|5[6]|5]|4
314(5]4(3114(5]|6|5[4)15]|6]|7[6]5})(4]15|6[5]4[13]|4[5]4]|3

3[4]15[413]14[5|6(5|4]15]6]|7]|6|/5)]14|5|/6]|5[4}|3]4[5]4]3

3(415[(413)4(5|6(5|4}15(6]|7|6|5}]4]5|6]|5[4}13]4[5]4(3

H34[3 P [3]4]5]4[3][4]5]6]5]4][3]4]5]4[3| AA3[4]3 A

2 |4|5|6(5[4]15]/6]7]6|5[16]|7|8|7]6]|5]|6]7|6]|5[|4]|5|6|5]4

PA3[4[3 ) [3]4]5]4][3][4]5]6]5]4)[3]4]5]4][3]| HFA3[4]3 KA

K343 [3]4]5]4]3][4]5]6]5]4|[3][4]5]4][3| A3][4[3 A

=1 [5[6[7(6]|5||6]7]|8|7[6]|7[8[9]8]7||6]7]|8]|7[6]|5/6[7]6]5

NR0

> [5(6]|7|6[5](6]7]|8[7[6](7]8|9[8|7||6]|7(8[7]|6[|5/6]7]6]5

o2 (4|5|6(5[4]15]6]7]6|5[16]|7|8|7[6](5]6]7]|6]|5[]4]|5|6/5]4

Phys. Rev. D 107,(2023) 03505, Phys.Rev.D 101 (2020) 7, 075013 Phys.Rev.D 101 (2020) 5, 055013 Phys. Rev. D 103 (2022), 095024

Phys. Rev. D 107,(2023) 03505,

Can be extended to a Full Goldberger-Wise stabilized Model.
2. Matter in Bulk or brane scatterings with KK gravitons get unitarized by a similar mechanisms
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Ward Identities | (TF),(x)®) = (TF5(z)®) =0
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Consider the longitudinal polarizations of the KK graviton
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Goldstone Boson Equivalence theorems for compact extra dimensions
Use Ward Identities to write the scattering amplitude as
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Example 1: Scattering of two bulk scalars with two KK gravitons
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Example 2: Scattering of two gravitons with two KK gravitons
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A Short Summary of Double Copy: BCJ double copy

Consider Gluon Scattering Amplitudes
Consider Gluon Scattering Amplitudes

2 3 3 1 | 2 | NsCs  TyC M4, Coy
Z?é g Z?é g Z?é g LA = gz< - — - )
S t U
1 4 2 4 3 4

CtNy = CgTl
Cs — —2fa1a2bfba3a4 Lt * 152531

CyTy — CgTlg |39 1

Ns = —5{ [(51 - E2)ph +2(e1 - p2)ey — (1 ¢ 2)] [(53 +€4)P3u T 2(€3 - Pa)Eay — (3 ¢ 4):

+ s|(e1-€3)(e2-€4) — (61 -€4)(e9 - €3)| ¢, (1

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



A Short Summary of Double Copy: BCJ double copy

Consider Gluon Scattering Amplitudes
Consider Gluon Scattering Amplitudes

2 3 3 1 | 2 | NsCs  TyC M4, Coy
Z?é g Z?é g Z?é g LA = gz< - — - )
S t U
1 4 2 4 3 4

CtNy = CgTl
Cs — —2fa1a2bfba3a4 Lt * 152531

CyTy — CgTlg |39 1

= =34 |61 ek +2(e1 - p2)eh = (145 2)| (5 - )P +2es - pa)ew — (3. 4)

+ s|(e1-€3)(e2-€4) — (61 -€4)(e9 - €3)| ¢, (1

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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Calculate the 4 D KK amplitudes of a Gauge theory

A

A§(p1) Ay (p2) — A

-p°)

On -Shell Conditions

pfpw — F?cos’w = MTQL
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On -Shell Conditions
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Equivalent to a 4D KK graviton amplitude on a flat torus
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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 ...



