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Gravitons

* We don’t know how to unify gravity with the other forces (Strong and
Electroweak forces) in a consistent way.

* In fact we do not have a consistent formalism that can unify gravity
and quantum field theory itself.

* However, we do have a low energy effective approach to quantize
gravity — Great practical use, e.g. Gravitational wave calculations.

e Gravitons (the force carriers of gravity) are massless spin-2 particles —
Why?

* So how do we quantize gravity — Simply promote the metric to a field.



Setting the stage.

« Our starting point is the Einstein Hilbert action S = [ d*x £,
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' . kap = 8.214 x 1071 TeV ™!
The weak field expansion

* Expand the curved metric (g) about a flat background metric

Guv = Nuw + Ehy I n = Diag(+1, —1, -1, —1)

* We assume k hy,, is small - a perturbative expansion in k is called the
weak field expansion.

* We substitute this into the Lagrangian

—
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* Expansion of the inverse metric: ¢ gvo =9}
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Degrees of freedom

* How many degrees of freedom does a symmetric rank -2 Lorentz
tensor have? i.e. how many polarization states are possible for i, ?

* We know that for a massless particle there can be only two
polarization states.

* So we have too many degrees of freedom — diffeomorphism
invariance (general coordinate invariance)h,,, - h,, + 9,60, + 0,6,

* What should we do to get back the correct degrees of freedom?
* DeDonder (Harmonic) Gauge condition 9,05 = 19,h
* We end up with D(D-3)/2 degrees of freedom in D-dimensions.



Connecting to Newtonian gravity

* Vary the metric and determine the equations of motion —
Alternativelv use the Euler-Lagrange equations.
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e Acceleration of a point mass in the presence of a mass distribution:

i=—-Vo V2o = 47Gp

Supposing Tog = p, all other components of 7}, vanish, and that the field is slow-varying in
time, then
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The expanded lagrangian 0 1
Lo,= L0+ rL!
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* The graviton propagator !
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* Coupling of matter to a graviton 7w = —3 ('pufpy + Dby = Gulp P —m ])

e Calculate the matrix element for the scattering of two massive

particles .

M = 5 7_; I ((j ) D pi.of (Q) 7_048 (Q)

* Take the non-relativistic limit

1 1 mMMo

M = 471G T 1Mo
2Mmq 2ms " q> ‘ Vi(r)=-G 170 -

e Consistency with Newtonian Gravity.




Unitarity

* Linearized gravity is an effective theory of gravity with operators of
dimension > 4. The obvious question to ask is : What is the range of
validity of the theory?

* To answer this question formally we ask at what point does the
theory stop being unitary?
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and Inserting a complete set of states (including an integration over phase space)
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e Substituting
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Unitarity of Linearized Gravity

* Scattering amplitudes for S-channel exchange of graviton
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TABLE I: Scattering amplitudes for scalars, fermions, and vector bosons via s-channel graviton exchange in terms of the Wigner
d functions. The subscripts on the particles indicate their helicities. All particle masses have been neglected. An overall factor

—2mG N EZ ) has been extracted from the amplitudes.

T. Han, S. Willenbrock 2005
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Ecar = /607283 G'/? &~ 6 x 10'® GeV.
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Graviton-Graviton scattering

n 0 n nxn nMn
* Energy dependence for the amplitude "}{" n nn n
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nEn
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M(hy . hy b, )

* Linearized gravity is a valid EFT as long as we stick to energies below
Mp,




Massive Spin-2



Massive 4D Gravitons

* Can gravitons have a mass term? (Fierz/Pauli (1939), van
Dam/Veltman/Zakharov (1970), Boulware/Deser (1972))

Sa = / d'x\/gR +m*((hu)® — h?)

* Other mass terms are possible — this one avoids Ostrogradsky
instability of the Hamiltonian



Uniqueness of the spin-2 lagrangian

* Recall how we got the kinetic term of massless spin-2 particle by
expanding the metric in the Einstein-Hilbert action.

po— .

) [AYE) 1 £ ar
)= =7 Ouh0"h + SOhT D o

 We will see from pure QFT arguments, why a spin-2 field must have
kinetic terms like this.



* Consider the spin-1 lagrangian —the most general Lorentz-invariant and
local action one can write down is.

¢ |
L, = 9,A"0"A,
spin—1 . )
Lk = a1Ly + a2l + asls, L, = 0,A"0,A"
£‘3 — aﬁi.’qija]/"q'u s

* Decomposing into Longitudinal and transverse modes 4. =4, +d.x.  9"A; =0

LY, = (a1 +a2)9,8,x9" 9" x = (ay + az)(Ox)?,

* To avoid Ostrogradsky Instabilities (i.e. higher order derivative terms): a,
= —a, . Note a3 = 0, since it is equivalent to a; term up to some
boundary term.

* We recover the Maxwell lagrangian!



e Similarly for Spin-2 fields we may write

in 1 f
ﬁi—*{lflllﬂ 2 = 58&/1#}} (b1aa.hf,u;/ + 2628(,u hr/)cr + b.‘3aa:h77,uu + 2[)48(,& hﬂu)&) ’ hﬁ“}' — hf;.u + 2()(#/)(]/) .

ﬁili)liin_Q D (bl + b?)XﬁLDZX,u + (bl + 3b2 + 2])3 + 4b4)X_’uD8ﬂ8U}(_U
_QhTW((bQ +b4)0,0,0ax" + (b1 + b2)9,0x,,
+ (bf?) + bél)DaOz'XQ 77,{u/) .

* In order to avoid higher derivative terms we must have b1 = —bs = —b2 = by

spin—.: 1 IS ateds Ay f 1
Ekli)n : - _Zhﬁ gﬁf.;’ljha-ﬁ ggrfhaﬁ — _5 (Dh,ul/ - Qa(gaazhf) + a,uauh — '?'hu/(Dh — 80;.35/1“-3))
* Kinetic term is invariant under Lichnerowizc operator

hgw — h,uu + a(,usc;/) .

» Using the DeDonder gauge condition gives us back )= —0,h0h + 20,17 0"h,
* And also reduced 10 dofs to 2 dofs, required for a massless graviton.



* The general form a mass termis  _ — _ém? (h2, — AR?) |

jy

* This breaks diffeomorphism invariance.

e Just like we do for gauge theories, one can restore diffeomorphism
invariance by introducing Stuckelberg fields
h,u;/ — h/,uu +0(“£,/),
Linass = —lmQ ((huw + 20(,x )2 — A(h + 20 ..)(“')2) : 1
mass 3 [V (pXv) - o ; T T 5 £,u _
* In order to avoid higher derivative terms for y we must set A=1 and
we recover the Fierz-Pauli lagrangian.

* Higgs mechanism for gravity?



Massive graviton : Polarization and Propagator

masgive massive 2 1
massive ( T a ) _ Jpvop / praf3 (p,u: 7”) = 51 PuPvPalp + N(allvp) — S HpvTap
pra3 7y O — m 2 ' 3m 3

1 1 1
+ F (pap(,u ") g + PP (u"lv)ya — §p,up}/77a;8 - §pap;'37],uu) .
Notice that the propagator is singular in the limit m — 0. Unlike massive spin-1, there is no smooth high energy

limit for massive spin-2. This is known as the vDVZ discontinuity and is related to the violation of unitarity in theories of
Massive gravity.

e =€) e (k,£1) = %(0; F cos B cos ¢ + i sin ¢, F cos 0 sin ¢ — i sin ¢, sin §)
e:,, — %[ejeg + fﬁff[]
k| KO
ESW = L‘[Gzﬁ; + 6:6; — 26268] e"(k,0) = (% o
€ = L[6_60 +€er]
N N
E;; = 6;6;

Massive spin-s states must have 2s+1 dofs. Hence 5 polarization states



High energy behavior of massive gravitons scattering

* Naive power counting: 5 1k S
(5) __ vy 0y A —
€ \/; o> +O(m”) M2
S
s Propagator ~ — + O(m?)
= V2,10

Mpim Js

Vertex ~ —

Mp,

o5
Mpm Vertex ~ —-

Mp,



e If we do the full calculation we find

2
My = — 9]\1;7718 stu(s® + t* + u?)
12,
[ 2 2 2
My = 54]\4}%5-77188“‘5(8 + 7+ u”)
OT 2 2 2
Mror = yYe m85tu(5 + 1t +u’)
1pi

ElO

MNF

1
Unitarity violated at the scale Ag = (Mp;m*)s
So for a 1 GeV graviton unitarity is violated at a scale ~6 TeV |

Is it possible to improve the high energy behavior of massive spin-2 particles?



* In order to answer that question let us simplify calculations by using
the goldstone boson equivalence theorem for gravity. i.e. introduce
Stuckelberg fields that restore diffeomorphism invariance and look at

the high energy behavior of longitudinal mode scattering (scattering
of the scalar modes)

hp:.f./ 3 Ap:.,u + Az/,p:. + Aar,p:.Aa,u Ay = Ay + 0,9, _ _
¢ are the goldstone modes and we need only look at their scattering.

L = Mz h0h + J\[le (AUA + hUo) +

A generic interaction term can be written as

~ m \[2 (()A’)?H (OQO’)N@ (h’ )Hh _ (A)\)Ll—nh_—?rm—3'1'1@ hf-nh_ (814/)71‘4 (82@3!)}1@5

1%

A, is the scale of the EFT and is given by
Mg +2ns +np —4

Ay = (M VAN =
A= ( Pm ) ) Ng +na—+np— 2

For interaction terms we need 1y + 14 + np > 3. (0%¢)? o ANL/5
: I As = (Mpm™)
The smallest term is the scalar cubic ng = 3,n4 =np =70 5

_ . We recover our previous result
Arkani-Hamed, Georgi, Schwartz,2002



s it possible to improve the high energy behavior of massive spin-2
particles?

Consider some non-linear extension of spin-2 lagrangian (g;are some
arbitrary coeffs.)

i

AL = c1[h?*] + ca[h?][h] + e3[h])? + q1[h*] + q2[R7][h?] + @3[h°][R] + qu[R?)[h]* + gs[h]*

Substitute Stuckelberg fields and calculate amplitude in terms of g;.
One can show that it is possible to chose g; so that amplitudes cancel
all the way down to A5

See Schwartz (2003)

It is not possible to improve further than A3, even by including new
scalar or vector fields to our theory (Hinterbichler 2018)

It is however possible to bring A; — A4 by adding in additional
massive spin-2 particles (Chivukula, Foren, KM, Sengupta, 2019)
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Motivation

Hierarchy problem
Flavor

Dark Matter
Unification ?

Our motivation : study phenomenology of extra dimension models in a region of
parameter space that has been neglected

KK excitations of gravitons are studied only for the first massive mode in an effective
field theory description - we would like to explore phenomenology of energy scales
where probing at least two or more all the way to the cutoff of the theory

Obvious guestion we must first answer - where is the cutoff of the theory, i.e. up to
what scale is the theory unitary?



Graviton dofs

Massless graviton represented by a symmetric traceless
tensor with redundant degrees of freedom (local
diffeomorphism invariance) by — oy + 0.0

In general a massless graviton in d dimensions has d(d-3)/2
physical degrees of freedom

4D graviton has 2 degrees of freedom and 5D has 5 degrees
of freedom. ﬂlg((h“”)g B hg)

Mass term breaks diffeomorphism invariance - A 4D massive
graviton has 5 degrees of freedom (2 spin helicity states, 2
spin-1 helicity states and 1 spin-0 helicity states )

A massless 5D graviton has the same dofs as a massive 4D



Unitarity in 2—2 graviton
scattering

Determine feynman rules of 3 point (~180 terms) and 4
point (~2800 terms) vertices from lagrangian

Plug In polarization vectors of gravitons
[ISIimplify //Simplify //FullSimplify !

Alternative: gravity amplitudes are constructible entirely
from lower point amplitudes. Use recursion relations to
determine the scattering amplitudes — can be easily done
with pencil and paper!

Unfortunately we don’t have a proper formalism for using
recursion relations with massive gravitons as yet.



Nalve expectation

Unitarity is violated at a scale A5 — (Mplm4)1/5 <4 Mpl



A Toy model — The orbifolded
torus



x Step 1: Build a 5D Torus «

e Parameter 1: Add a compact spatial dimension y € [0, 7r.]
to 4D spacetime (2#), where r. = the compactification radius

add a compact \->
extra dimension

w(y)

' X

p{oOT) — ( ’78'/ _01> —  |ds* = (dt* — dz?) — dy?

, — %264—2&?“ , I €—|—2!<cfr
GMN - (gJu K €-|-2ﬁ:'r‘p pﬂp €+2ﬁfu) S — ME? / d4xdy\/5R(5) ‘7\453 — MIZ:’Z/L



Compactification allows us to expand
The fields in fourier modes over the 5D coordinates

> ,, — 21
h(z,y) = Z hw,n(l)f,“’”“ “n = 71
Orthogonality of the fourier expansion imposes
(,y) Z pu(z,n)er? -
n=——oo ‘L w y * _w / -
o f 0 (] ye (2w y) 63 nY — L () ——
hss(x, ) Z r(x,n)e“n

5D diffeomorphism invariance implies we must choose a gauge condition.
We can choose a gauge condition such that we are left with only
one massless radion
One massless graviphoton
One massless graviton
And a tower of massive gravitons



CMN _ fJu-v/ U}"'(fﬁ ; ’l}) 0
0 —1/v(x,y)

Christoffel Symbols: T'% , = %CN?P ?(OMmGng + ONGrig — 0oGun)

Ricci Curvature: Run = OnThp — 0pThn + TholSp — Thol sy
Scalar Curvature: R=GMYRun

Vdet G d*z dy = {wQ\/ —det g d4:13} : (\/5 dilj)

Lsp = Len + Lec

9 12 - 021
Lpy = /_QV det G R Loc = I/'_riC{QV det G (0y]0])* — [“’2 v/ — det 9} (()(Q)|Q§D}

Cosmological constant terms are necessary to
ensure that the equations of motion are satisfied



* Step 2: Orbifold «

Orbifold Symmetry: Reflect extra dimension about y = 0.
demand ds? be invariant under y <+ —y, so y € [—7re, +7re].

w(y)

Why Orbifold the Torus?
The 5DOT is a nice limit of
the RS model. Also, relative
to 5D Torus, 5DOT eliminates
the spin-1 graviphoton p,,.

Schematically. ..

5GMN ~ K (h'{w ﬁﬁ-)
=474 r



e Parameter 2: 5D exp. parameter r

e_""f"/\/g(nﬂy—l—ﬁfzw,) 0
0 —(14-7/v6)?

GMN:(

where [k| = [Energy]_?’/ 2 (implies Kap)

Particles in 5D Matter-Free Orbifolded Torus:

e 5D Graviton = fzﬁ_,,, a massless spin-2 5D particle
> Origin: local coordinate invariance of constant y sheets

e 5D Radion = 7, a massless spin-0 5D particle
> Origin: locally perturbing distance between branes
Caution: In realistic theories, radion requires additional
external stabilization, e.g. Goldberger-Wise mechanism;
radion stabilization plays no role in the present analysis.




Organizing the 5D Lagrangian

Define L1, » = all L5p terms with // gravitons and /7 radions:
_ i 7 H AR
Lsp= ) Lpmn=>Y () hgp
H.R H.R
By construction, each term in this set is either
o A-Type: has two 4D derivatives 0,0, , or

e B-Type: has two extra-dimensional derivatives 0,5

W, "

HAR=2)I\A(R) L 4.p 1 + A5 (R) £B:11H?~R]

EhHTR — f‘%(

5D to 4D: Once we have a 5D WFE theory, we convert it into
an effective 4D theory via y-integration

+7Tre
S = /d4m (/ dy £5D> — ng) E/ dy Lsp

- ?TTC




fy (m J
S
5D field

n)

) " (y) KK

— ohv—-’ \—v—’ Decomposition

4D fields

wixns

We utilize extra-dimensional wavefunctions /("™ (y) that satisfy

4 1 /+WTC
TreJ —mr.

1 /Jr?ﬁ"c
\ TTTeJ —7r,

dy Aa(0) 1//’ " 1//’ ") = Om.n

dy A\5(0) (3,0 ™)(9y ™) = m3, i

where n = KK number. Given £ radion fields, we define...

5DOT:

{

1
1

¢ ) — xk[Q(R—l)lyl_Bwrc]
(R—S: <)\‘J‘(R) €

Ap(R) = e 2N\ 4 (R)

\

|



Lipn = Aa(0) Lapn +A5(0) Lp.pn

__ N N N N n N 1 A
Lann = —hu(0"0"h) + hy (010,h"") — 5]1#,,( h"") + 5]1,( h)

1

__ oA P 1~
Lpnn = —g(ath)(ayhﬁ ) + 5(dyh)Q

such that the 4D effective spin-2 Lagrangian is canonical:

ng) — E%(Sm 2} ) + Z Lrp mn,f (”))
n=1

5D Graviton /1, becomes many 4D particles:

e 4D Graviton: a massless spin-2 4D particle h}f})

(n)

e KK Modes: massive spin-2 4D particles /’W for n > 0



Similarly, we may decompose the 5D radion:

— — 1
Lor = a(2) Layr|  where Lo, = 5(@@ ) (0" 1)

5D diffeomorphism invariance may used to ensure the 5D
radion is flat in the extra dimension (e.g. 7(2z,y) — 7(2)).
Thus, its KK decomposition has only a zero mode:

o) = =@ ® = £l = 250 (0)

e o

5D Radion 7 becomes a single 4D particle:

e 4D Radion: a massless spin-0 4D particle 7"/



Per field content, our 4D effective Lagrangian equals...

(eff) ] (H+R=2) 400 [ ]
L, = E {E o Kl Loy, R
hHpR (R|7) (n)| ~A:hHr

/TTe —

=+ E(Rlﬁ’) ~ ]C(ﬁ’)|: ZB:hHTR} }

where C is an operator that maps 5D fields to 4D fields, and

1 e n n 11
Ut = /_ Ty Aa(R) w0 gt [
B e +TTre
b(R|-n;3----'n,H|-'n,1-'n,;:_>) = ?/—'m" dy /\B(R)

| ) n na . R
x(ayz/;(nl))(dyz/;( 2))2/)( 3) . ..1/)( H) [l/)(O)}

These couplings embody all nontrivial model dependence; they are
evaluated analytically for 5DOT & numerically for RS.



By choosing an appropriate gauge (unitary gauge), we have...

h,(x.y)= E h 1) ( ) Uy
VT re

_ A0 (
ﬂﬁ"(x) - \/mﬂy (.}L’) f'[:}':“} T \/m { )

The EOM from Ls5p admit 5D wavefunctions equaling...

1
— n=0 <« flat in y!

V() ase

And so, the orbifolded torus’ KK number conservation is apparent
from orthogonality of Fourier modes!



Lsp contains the following important vertices:

This implies that (after KK decomposition) L' D ) contains:
A

r n I n
The explicit vertex rules are complicated, but once we have them.
we can calculate the desired matrix elements...




Y
1 1
1 -~ x1 1 1 1 1
R SR R
1 1 1 1 1 1
1 1 1 1 1 1 |
e BT e
1 1 1 1 1 1

We've directly confirmed these behaviors, which are consistent
with the arguments of Arkani-Hamed, et. al. Define...

Nmax

M(nmm{) - M‘Sg T MT T Z Mh(n) — L"{'M(M('nfllutx) ' Sk

n=0 L




The 5D Orbifolded Torus has KK number conservation:

1 1 1 1 1 1
%{ . *“ngf . *“a{
n 0 2

Therefore, we may calculate M exactly with a finite sum:

+5
M = Mg+ M, + Mu(0) + M(2) = S MY

k=—00
MY =Y = =P =0 With warping, we
2 instead have an

7 + cos(26)] csc? 6

infinite sum...

- 25067,



s” s 5" 52
m e (7-+cos(26)) sin? @ 2 2 (=13+cos(26)) sin” @ 2 (97+3 cos(26)) sin? @  res?(179- 116 cos(20) +cos(46))
_9216n8w . . 1152n%x . 1152n4w f 1152n2m
0 rik?(T+cos(260))sin“ 0 | rlk? (9—140 cos(26) +3 cos(46) 212 (— 154270 cos(26)+cos(40)) 1k~ (175—624 cos(26) +cos(46))
. 4608n5 7 r r 9216n5w _— 2304nxw r 1152n2x
Seasull rlk?(T+eos(20))sin“ 8 | 7252 (63—196 cos(20)+5 cos(40) | r2k=(692 cos(20)+5(—37+cos(48))) rek(T+eos(20))
cagull | - 3072n°x 9216067 1608y 46080
. r3k? sin” @ rok2(T+eos(26))
— — Y L&
RﬂdlDﬂ 6dniT 96n‘w
Sum 0 0 0 0

Amplitude is 0 and everythin

g cancels up to order szi

Radion diagrams start contributing at order s3

Orbifolded Torus: ME for Longitudinal h[1],h[1] = h[1],h[1]
ME[¢)], coefficient of s”

0.04

—— STU: Intermediate h[2]

- STU: Intermediate h[0]
—— STU: Intermediate r[0]
— SG




Unitarity analysis

1 3
J _ B ,_] | X ‘
(LAG-AI?_:’)\C Ad. o :32?1_2 (lgz D/\q)\f (9' (?E))Ma-/\b_:"kc)ﬂd ('53 93 ("')) )

Ao oo (14 = 23) = In (s77) + ...

s ~ Mz,.

F I d h I i 1_— 3 A=M:< M
|| |||| 5 pl




The Randall-Sundaram
Model

* Step 3: Warp the Extra Dimension «

¢ Parameter 3: Add a warping parameter k£

RS
N =

(62"

y

w(y)

ds® = e 2kl (qt? — dE?) — dy?




w(y)

-

Many options for perturbing the vacuum. The Einstein frame
parameterization is automatically canonical in 4D:

—2(k|y|+4a) 3 .
Gun=| ° O -1il11) V 0= BT o tk(2lyl-mre)
0 — (1422 2v/6

Eliminate 4D cosmological constant via 5D CC & tensions:

K2

2
* Eg%s) = —VdetG R+ [bulk CC + brane tensions *




RS) . . .
We then weak field expand Eé D ), integrate the extra dimension,
and KK decompose according to the procedure described earlier.

. except now we calculate couplings numerically, because of

(AA(R) = ekR(R=Dyl=FRrre]

RS: « - | |
AB(R) = e 2K\ 4(R)

In order to show you RS plots, there are 3 parameters (x,rq,k)
we need to fix. | set...

Lightest Spin-2 Mass: | m; =1 TeV
Unitless Parameter: kr. = 9.5
4D Planck Mass: Mp; = 2.435 x 101> TeV




Log Plot: 0(.55) Coefficient of 11->11 _ oo

T T

— nkKmax =1

— nkKmax = 10
1 — nkkman = 20
_ nkkKma = 30
nkkKman = 40

| — nkkmax =250
—_— 1 — nkKmax =60

102}

1077}

|Micta

i nkKmax = 70
— nkKmax = 80
— nkkKmax = 90
— nkKKmax = 100

x As we include more modes, O(s”) tends to 0... %
(All plots are in powers of TeV: O(s*) — TeV %)
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% .. and so does O(s%)... %

30

SG
nkKkman = 1
nkkmas = 10
nkkmax = 20
nkKmax = 30
nkkKman = 40
nkkKmas = 50
nkkman = 60
nkckman: = 70
nkKmeas = 80
nkckman: = 90
nkKmeasx = 100
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?_J_,J—r”'f-ﬂ_-_,—_. _-ﬁ_‘_k\k
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SG

ST Radion
nkkmax = 1
nkkmax = 10
nkkKmax = 20
nkkKmax = 30
nkKkmay = 40
nkckmas = 50
nkckmay = 60
nkkkmax = 70
nkKkimasx = 80
nkKkimas = 90
nkkKmasx = 100

% .. and (with the radion’s help) so does O(s?)... *



|Micte

|

% .. and so does O(s?)... %

SG

ST Radion
nkkma = 1
nkkimax = 10
nkKKma = 20
nkKkKma = 30
nkkKmax = 40
nkkKmax = 50
nkkKmax = 60
nkkKmax = 70
nkkmax = 80
nkkmax = 90
nkkmax = 100



Log Plot: O(s') Coefficient of 11->11

0010 T T T ) SG

F | | — STU Radion
0.001 ~ 4 — nkKmax =1

i — nkKmax = 10

10 3 _ ; nkKKman = 20

\ ‘ / 5 nkKKmax = 30

_Tg 10'5;- e
= ? Y’—' -‘Y nkkman = 40
& : : | — nkKmax =50

107k | | E
; ; nkkmax = 60
107 _ _ nkKKmax = 70
: ] — nkkKmax = 80
10 ¢ 3 — nKkKmax =90
00 05 10 15 20 25 30  — nKKmax=100

]

* .. until finally O(s) converges! x
Same behavior found in other KK combos (inc. 14 — 23)
and for other values of warping (k # 9.5) too!



®* Forthe RS model there is a new intermediate scale where
the theory becomes strongly coupled

®* This also controls the radion and KK mode couplings



Outlook

Strong scale of massless 4D gravity is at My
Strong scale of massive 4D gravitons is (m* Mp)?®) much smaller than Myl

Compactification of a higher dimensional theory leads to a tower of massive gravitons
In the lower dimension theory - what is the strong scale ?

Strong scale simply Mp. For torus

Strong scale A, = Mp;e ™k 7c™

It is possible to improve the bad high energy behavior of massive spin-2 theories.
We also know the cutoff for the EFT.

We can start exploring phenomenological conseguences.
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