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Why Massive Gravity?

e Can potentially give interesting alternatives with regards to understanding dark
energy and the small value of the cosmological constant.

-¢(1) Yukawa suppression kicks in at the length scale ~1/m

General

Relativity r
Massive N le—mr
Gravity r

e Can describe composite states that arise, such as in nuclear resonances of QCD.

e May be necessary for “islands” to exist in information paradox resolution.

H. Geng and A. Karch, “Massive islands,” JHEP 09 (2020) 121, arXiv:2006.02438 [hep-th]



Linearized Ghost-Free Massive Gravity

! 1
S = / d'z | = SOy O W + 8 hn O WA — 0, Db+ S 0xho

/ 1 '
GR terms — §m2(huyh’uy — h2) <+«—— mass terms

e The linearized GR piece is invariant under

0l = 0u&y + 0u&,

e T'his is broken by the mass term



Helicity Analysis

Introduce helicity fields

1 2
hyw = by +—(V, A, +V,A,) A — V,.V.,0

m

and take the relativistic limit

h,, helicity 2 2 dot
A, helicity £1 2 dof
®  helicity 0 1 dof

O

giving a total of 5 degrees of freedom. (GR has 2 dof.)



Massive Gravity Non-Linear Interactions

1 ) 1 |
S=3 ]%/d%\/?g (R—2A) — ZmQV(g,h)
V(97 h) — V:?(gv h) + Vé(gv h) T V;l(g) h’) T V:")(g: h) T
‘/2(97 h) — <h2>—<h>27
Va(g,h) = +ci(h®) + ca(h?)(h) + ca(h)’
Va(g, h) = +di(h?*) + dao(h°)(h) + ds(h®)? + ds(h®)(h)* + d5(h)*
Vs(g,h) = +f1(h°) + f2(n*) (h) + fs(h®)(h)* + fa(h°)(h®) + f5(h*)*(h)
+fe(h?)(h)* + f(h)°,

<- . > means trace with indices raised via ¢g"”
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Scattering Amplitudes from Massive Gravity

o Generic massive gravity has a cutoff scale of Ag

(0°¢)°
~he

o If we pick my ~ 107°%eV, the cutoff length is the size of the

solar system

A5 — (Mpm4)1/5

1
— ~10'%
A- m

e In the high energy limit, generic massive gravity has four-

graviton scattering amplitudes that grow with energy like

A4(hhhh) ~ E° (ASE ~ E?)

e Has an extra scalar degree of freedom with a wrong sign
kinetic term, the , giving the theory

6 degrees of freedom.




Scattering Amplitudes from tuned (dRGT) Massive Gravity

Can tune the parameters to remove interactions coming in at scales:

As = (Mym*)/® and Ay = (M,m3)Y/*

A
e This raises the cutoff scale to Ag and leaves 2 free parameters &3, 04 < M D
h(9°9)" OA(O?p)"
- (B(ngé)l)v ( ngb) , Az = (Mpm2)1/3
Aj Aj
e For a graviton mass, mg ~ 103%eV, the cutoff length is size of Texas. —— A3
1
— ~ 10°km —| A4
As
e In high energy limit, four-graviton amplitudes grow with energy like —1 A 5
Ay(hhhh) ~ ES
—1— M
e The is removed, giving the theory 5 DOF. v

C. de Rham, G. Gabadadze, and A. J. Tolley, “Resummation of Massive Gravity,” arXiv:1011.1232 [hep-th].

S. F. Hassan and R. A. Rosen, “Resolving the Ghost Problem in non-Linear Massive Gravity,” arXiv:1106.3344 [hep-th].



Special Values of
dRGT Massive Gravity

e Partially massless decoupling o Liikonal 4-point scattering

limit on de Sitter spacetime Jarge impact parameter

-small scattering angle

-small momentum transfer

1 1
a3 — — 5, g — 3 .
- 3 e Imposing no
asymptotic 1
: &3 = —5
superluminal

C. De Rham, K. Hinterbichler, and L. A. Johnson,

On the (A)dS Decoupling Limits of Massive 1

Gravity, JHEP 09, 154 (2018), arXiv:1807.08754 propagatlon

hep-th].

[hep-th} J. Bonifacio, K. Hinterbichler, A. Joyce, and R. A. Rosen, Massive
and Massless Spin-2 Scattering and Asymptotic Superluminality,
JHEP 06, 075, arXiv:1712.10020 [hepth].


https://inspirehep.net/literature/1683718
https://inspirehep.net/literature/1683718

Pseudo-Linear Massive Gravity

e Linearized Massive Gravity
1 1
S = /d% [ = 5@,\/1“”6%“” + 0, hy\ 0" hHN — 0, A" O, h + 58,\h8’\h
1 2 v 2
= o5 (hu M — %)

° Wlth potential V(h) — — %6“1“2“3>\€V1V2V3)\h,u1v1 h,ugz/gh,u:w:s

A0, 4
* 123 e V1V2V3V4
2 € € hlull/l h,uzl/z h,u31/3 h,u47/4

A2.3
D M1 23 e V1V2V3VY
5 € € Oy Ovy Ny o Ppigvs Popig

e Also ghost-free and has a cutoff of Ag

e In high energy limit, four-graviton amplitudes grow with energy like

A4(hhhh) ~ E°

K. Hinterbichler, Ghost-free derivative interactions for a massive graviton, J. High Energy Phys. 10 (2013) 102.
James Bonifacio, Kurt Hinterbichler, Laura A. Johnson, “Pseudo-Linear Spin-2 Interactions,” Phys.Rev. D99 (2019) no.2 024037, arXiv:1806.00483 [hep-th]. 10



Massive Spin-2 Cast of Characters
@ Ar = — (21 - 22)(21 - 23) (22 - 23)

w Az = ]\;P (22 - 23)(p2 - 21) + (21 23) (s - 22) + (21 - 22) (p1 - 23)]°
1

€Ly (pZ) — ZLZIZ/

p, v, o B
€uvafV] V5V, = €(V1U2V3V4)

[(22 c23)%(p2 - 21)° + (21 - 23)%(p3 - 22)° + (21 - 22)*(p1 - 23)°]

1
:‘2} A4_m4Mp(p2 21)%(p3 - 22)°(p1 - 23)°

@ B, = Mip [(21 - 23)(22 - 23)€(pP1p22122) — (21 - 22)(22 - 23)€(p1p22123) + (21 - 22)(21 - 23)€(p1P22223))]

. B2 = m4§\4p (P2 - 21)(p3 - 22)(P1 - 23) [(p1 - 23)€(p1p22122) — (P3 - 22)€(P1p22123) + (P2 - 21)€(P1P22223)]

Lagrangian Operators

m2

Li= Ve Y by byt — 2.0

— %1%\/_—913@ = - 65+ 2i@
L3 = J\;p 2P0, 00 hy 5 hry P ps — 1220.- 2@ 2188
Ly Ml% EV/=gR,*PRag™ Rp" | 3) — 2432— 12188+ 4158
Ls = ]\;P e 0, hyaOrh,gh®P - 250

M2
Lg=—L \/ R,w of Raﬂ Ry,M |3 — — S8 32- 11



Motivation for Supersymmetry

Fermions

Bosons ? $

5 6 & Supersymmetry ? $
bae + s

e UV completion of massive gravity is unknown

e Required in string theory to remove tachyonic modes and solves many other problems
e Can tame running parameters, provides non-renormalisation theorems

e Provides dark matter candidates, although strongly constrained

e Supersymmetry can often provide simpler toy models

12
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* We consider all particles to be massive and have the same mass.

e Unlike in GR where the maximal amount of supersymmetry is N = 8, for

massive gravitons, it's N =4 .

* The multiplets have to be long. Otherwise the graviton would carry a charge.

13




N =1
Field | Spin | U(1)g | Dim.
,¢IJK % 1
,YIJ 1 1
hIJKL 2 1
,J}IJK % 1
N =2
Field | Spin | U(1)r | SU(2)r | Dim.
A1 1 2 . 1
Aol : 1 O 2
1/)aIJK % 1 ] 2
pIJEL | 9 0 . 1
yaT 1 0 (O] 3
viJ 1 0 . 1
) 0 0 ° 1
xaf ! -1 O 2
ral JK 3
P® s -1 O 2
A1 1 -2 o 1

N =3 Field | Spin | U(1)g | SU(4)g | Dim.
Field | Spin | U(1)z | SU(3) | Dim. ¢ 19 4 . 1
¢° 0 2 ] 10
¢° 0 2 O 3 e . . .
yelJ 1 2 O 3 ab d
aebl 1 1 [ 6 aabel |1 1 | 20
I 1 - L] _
Aa 2 L H 3 K | 3 1 @ 4
I1JK 3 Q
¢a 2 1 H 3 ¢abcd 0 0 20’
¢ |0 0 8
H:I ,Yabch J 1 0 15
v 0 . 1 =
yret 1 0 s 8 RITEL | o 0 . 1
WIKL | 0 . 1 polJK |3 -1 O 4
)\gb % 1 Bﬂ 6 )\abcdeI % -1 20
el % -1 Ol 3 ¢ab 0 -9 10
alJK 3 _
Y 2 1 - § ,yabIJ 1 -9 6
N7 -2 q 3 H
_ T 1 _ 1
Ga 0 -2 E] 3 Aa 2 3 @ 4
A ! -3 . 1 ¢ 0 -4 . 1

States are labelled with capital Latin indices 1,J,... corresponding to SU(2)1,G and lower- case Latin indices a,b,... corresponding to SU(N)R.

14




A. Herderschee, S. Koren, and T. Trott, “Massive On-Shell Supersymmetric Scattering Amplitudes,”

JHEP 10 (2019) 092, arXiv:1902.07204 [hep-th]

N =1
1 1 ~
IJK IJK I _JK IJKL L7 I1JK
U = I g ey e S
/! /! t N
gravitino gravi-photon graviton gravitino
N =2
1 1 1
P — 17 4 2 zad) ool JK |~ cabp op pIIKL 2 K abl]
/6 2 2
L b, (1 N , Y a1 g, 1 bK (IXaJ) , L bK
- 1% a - (InaJ) 4 —_
+ Z€ Ta MK + Wk Nalp @ + ;MK Na + \fzanU Na
1 -
+ M mern A

15

On-shell superspace helps organize the states and amplitudes of a given supermultiplet

We introduced Grassmann variables 1’y which allow us to write the states as a superfield

L¢aIJL



1 1 1,
A+ nlo® +n4g ’y“”+2na i A%+ € e*enlny s\ + € abep eyl TE

1 b L b 1 JK J beK) I
+ o Mas nb InD gabe + 2 oo € NNk Y + &—fnam,(, Nexc YK
1

1 1
abc IJKL abc I d abc def
- a C h A a e A
+ 6€  NaJ KL + 2\@ ATy e Nas % + — 19¢ MaJ KN
]' 1 aoc €
T3 8 77aJ77bK77cL77d, ¢dUK 166 ’ naJleKncLed ! ﬂdﬂ;] ’Y;{L
1 abe 17 K def 1 abe, g K L def N
(& e A
+ 7 24\f nindnE e ngmex by + — Tt ndnEnt e namernyL
or | 1 I sab 1 cabed 1 (1 abeJ)
D = ¢+ nur A" + 5%1?7;,(]5 + > f NalMbJVed + 3 \f’ﬂamb NeJ A
T Leabedy o mer K + = narninemD 6 + —nornn magy O
6 a (o d 12 allly TlcJlg 8\/7 al'’lp 'lc
1 1
+ 52 e mpanernanh’ Y + 30 e, rpanexnarni e K
1 (1 J K)abed L obed_efgh
- A )abede abed efg
+ >4 \/gnaInb NegNd Ne K + 11 MaIMoI MK NN Mg D
1 1
+ 20 e Mnarmpsnexnarneni v + 360 et I, 1y ek aLmin i e Ny

1
+ 5380 — e Iy ek MaLnin’y ¥ 779 N
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o Graviton field can be projected out from the superfield.

hIJKL X 0 \IJJKL)

onr n=0

2
RLIEL o ¢ 0" KL)
ON(1,a0M7p =0

RIEE o eor—0 A
877([ aanJ banK c n=0

84
hIJKL X €xped () .
ane 877(I’a877j,b877K,ca77L),d n=0

17



e We construct superamplitudes which encode all of the scattering data.

e Supersymmetry implies superamplitudes must be annihilated by the supercharges,

Q% - An ({n}) = 0, Q.- A.({n}) =0

The most general form of a superamplitude with only massive external states is
An ({ni}) = 63 (Q1) G ({min})

where G ({n;n}) is an arbitrary polynomial in the 2(n — 2)N Grassmann variables

1 .

I . I .
znfn]na?na 1= 1) R n— 2)

i — 1
Noin =MN,:; — ——
a,in ai [

and the supersymmetric delta function is

N n
o ;1 |
§N) (QT) = H Z(Zfi71j>77£’,i77afj +3 mea,umifz‘

a=1 \ i<j i=1

18



e The 3-graviton contribution to the superamplitude takes the form

As (q){h}(p{Iz}q){Is} _ s5@N) (QT) F{Il}{zz}{zzg}h“.JN (a1--an 1

I
M2,a112,a,

R-singlet / \ T

Grassman function of massive Grassman

delta-function spinor-helicity variables polynomial

1. Write down the most general expression for F' using spinor-helicity variables.
2. Remove redundancies due to Schouten identities.

3. Enforce Bose/Fermi symmetry for indistinguishable superfields.

19



Graviton Superamplitude Structure
N =1

Fyey

=B ({33}({1L3} —2{31"}){12}" + 3{13}*{23}{1"2}{12} + {11}({12}((3{31"}
—{1%3}){28}* — 2({21"}{33} + {32}{31"}){23} + {22}{33}(2{31"} — {1"3}))
+{13}{23}({23}(2{21"} — {1"2}) — {22} ({31"} + {1L3}))))

+ 52 ({33}(2{31L} — {173h{12}" + 3{13{23}({1"3} — 2{381"}){12}

+ (3{23}{21%}{13}* + {11}((6{31*} — 5{1*3}){23}* — ({21}{33}
+{32}{31"}){23} + {22}{33}({1"3} — 2{31"}))){12}

+{11{13}{23} ({23} ({172} — 2{21"}) + {22} ({31"} + {1L3})))

+ B3 (({13}(—{21L}{33} +2{32}{31"} — 2{23}({31"} — {1"3})) + {33}{21}{31"}
— {12}{1"3})){12}* + {11}{23}(—{11"}{22}{33} + {12}({21"}{33}
—2{32}{31%} + 2{23}({31*} — {113})) + {13}{22}{1’3}))

B ({11}{22}(—2{11L}{23}{33} + {21){81%) + {12)({31"} — {1°3})){33)
+ (13}({32}{31%) + {23)({1"3} — {31L}>)>)

where we define {i'77} = ["3[|¢1¢2|j /]

20



Graviton Superamplitude Structures

v @ A1 = 212213223
v W As = (z232p12 + 2132p23 + 2122D31)°
v IR As = 235208, + 2152033 + 215205,
X T? Ay = zp122p23zp31
A2 B1 = z13203€(p1p22122) — Z12223€(D1P22123) + 212213€(P1p27223)

X . By = zplgnggngl(zp31€(p1p22122) — Zp23€(p1p22123) =+ Zp12€(p1p22’223))

21



Graviton Superamplitude Structure

N =2

= b ({11}({23}({21L}{31K} + {219 }{31%} — {32{1°1"}) + {22} (- {317}{31"}
+{33}{1°1%})) + {13}* {21 }(—{21"} + {1"2}) + %{12}{23}(—{11L}{31K}
+ {115} ({317} — 2{1%3})) + {12}*{31%}{1"3} + %{12}{13}(—2{21K}{1L3}
+ {2811 + (1115 )

+ Bs ({13}2{21K}({21L} - {1%2}) + %{12}{23}({11L}{31K} — {117}{31"})
— {12}*{317}{1"3} - %{12}{13}(—2{21K}{1L3} +{28}({1°17} + {171%}))
+{11}(—{23}({21" {317} + {217 }{31"} — {32}{1°1"}) + {22} ({317 }{31"}
+ {33}{151%})) + {12}{23}{11* }{1L3})

+ ﬂg( — {12}2{315}({81%} — 2{1%3}) + {11}{23} ({217} {31} + {23} {1¥1*}

+ {215}{153}) + {12} (—2{11%}{23}{31¥} + {13}{21%}{31"}
—2{13}{23}{1%1L} + 2{21}{33}{1%1L} + {11%}{23} ({31%} — {113})

—2{13}{215}{1%3} + 2{13}{23}{111%} + {13}{32}{1K1L}))

+ B4 ({11}{23}({23}{1L1K} — {217 }{31°} — {217 H{1"3}) + %{12}({13}{23}{1K1L}

+ 3{11%}{23}{31%} — 2{13}{21¥}{31%} — 2{21}{33}{1¥1*}
+ 4{13}{215}{1%3} — 5{13}{23}{1X1%} — {115}{23}({31*} — 2{173}))

+{12}* ({31 }({31"} — 2{1"3}) + {33}{1"1"})>
+ Bs (%{12}({11%{23}{31"} + 2{12}{33}{1%1*} — 2{13}{32}{1¥1%}

+ {13}{23}{15 1%} — {115}{23} {311} — 2{21}{33}{1¥1*} - {13}{23}{1L1K})>

22



Graviton Superamplitude Structures

v @ A1 = 212213223
v W Ay = (2232p12 + 2132p23 + 2122P31)°
v IR As = 235207, + 2752035 + 21205
X ? Ay = 2pTozps32ps
N B = 2132’236(]91]922122) — 2122236(191]922123) + 2122136(]011922223)

X - Bo = zp122paszpsi(2ps1€(p1paz122) — 2pase(p1p22123) + 2p12€(P1p2z223))

23



Graviton Superamplitude Structure

N =3

B
_ [31( —2{115} {23} {1715} + {13} {215} {1715} + {115}{23}{171%}

— 3{13}{215 H{171%} + 2{12} {315 }{1/1*} + {13}{217}{1¥1*}
+2{21}{317} {1515} + 2{13} {172} {1 ¥ 1"} — 2{12}{1/3}{1% 11}
— {115}{23}{1*17} + {13} {21 }{1*17} — {12}{315}{1*17}

+ {12}{317}{1F15} + {117} (3{21% }{31"} — {23} (4{1%1*} + {1L1K})))
+ [32( — {115 H{23}H{171%} + (—{117}{23} + {21}{317} + {13}{17/2}){1*1*}
+ (12} ({311} - (3111

24



Graviton Superamplitude Structures

N =3

n @

Only structures corresponding to dRGT massive gravity are allowed.

v @ A1 = 212213223

v W Ag = (2232p12 + 2132p23 + 2122D31)°

X IR As = 233207, + 2752055 + 252205,

2DT22P332D31

X @ B = z13223€(p1p22122) — 212223€(P1P22123) + 212213€(P1P22223)

X . By = 2p122p232p31 (2p31€(p1p2z122) — 2p23e(p1p22123) + 2p12€(P1P22223))

X
s
|

25



Graviton Superamplitude Structure

N =4

FRASE = pr (10191510 + (a1t )

20



Graviton Superamplitude Structures

N =4

:

Only allowed structure corresponds to dRGT massive gravity with special tuning.

X @ A1 = 212213223

v W As = (2232p12 + 2132p23 + 2122D31)°

X INR As = 235203, + 2752035 + 275205,

X Tj} Ay = zp122p232p31

X @ B = z13223€(p1p22122) — 212223€(P1p22123) + 212213€(P1P22223)

X . By = 2p122p232p31(2ps1€(p1p2z122) — 2p2ase(P1p2z123) + 2p12€(P1p22223))

27



Cubic Interactions in the High Energy Limit

ug | (h7v7¢): _Mlm (23)
@ — { (htvtg) : 1 [12]%[13]

(h™¢9) :
(h*¢9) :

(h™h~¢):

)

(h*h*¢):

( (h=h~h™T):
(h~v~v™):

(hTvto™): —

| (RThTh™):

(h~v7v7): —
(hTvtot): —

(12)3(13)

Mpm [23]

1 (12)8
Mp (13)2(23)2

3 (12)%(13)2
Mp (23)2

Uﬂzﬂﬂ2
Mp 23

9 [12]4

~ Mp [23]2

1 126

Mp [13]2[23]2

(12)*
(12)2(13)2
w2 [12]%[13]?
12]4

Mpm2

Mm2

Mpm [

28

(h"h~™h7):
(hThTh™):

(h~h™¢) :

(hvov):g2
(hTvTo™):

(hThto) :

(h"h~h™):
(hThth™):

o (12)2(13)%(23)?
Vo [12]7[13]%[23]?

~ Mpm?2 (12>4
5 (12)2(13)2

7 (12)2(13)%(23)2
— 17 [12]2[13]2[23]?



Use Massless Susy Ward Identities

N =1,2314 Q-As(h™,h™,9") =[3]43 (h™,h",h7) =0

For any supersymmetric theory, this rules out ¥ TE} X .

N =3 Q- As (b=, b=, 0") = [3)43 (b=, b, ) =0,
Qb . A3 (h_ah_a"p(—z,’_) — |3]A3 (h_ah_,¢ab) =0.

This rules out X Iﬁ X %

N =4 Qv As (h™,h™,9F) = [3]4s (A", h™, bap) = 0
Qb ' A3 (h—’v;bc’ ¢;—) = |3]A3 (h—a ’Uc:bc’ ¢ab) =0
Qo - A3 (h’—’v;bc’ wc_ii_) = |3]A3 (h—, Vyber ¢ad) =0

This rules out X Iﬁ X % X @

29




Results

e At N =1,2, dRGT and pseudo-linear massive gravity as well as the
parity-odd cubic vertex BI1. «H . ﬁ

e At N =3, only dRGT massive gravity is allowed. ‘n .

e At N =4, only dRGT massive gravity with the special parameter value
is allowed. .

30



Purely Massive Double Copy

e« Cubic and quartic amplitudes of massive Yang-Mills have
successtully been found to double copy to amplitudes of dRGT

massive gravity.
A. Momeni, J. Rumbutis and A. J. Tolley, Massive Gravity from Double Copy, JHEP 12 (2020) 030 [2004.07853].

L. A. Johnson, C. R. T. Jones and S. Paranjape, Constraints on a Massive Double-Copy and Applications to Massive
Gravity, JHEP 02 (2021) 148 [2004.12948].

o Unfortunately a KLT-based massive double copy fails at 5-point

due to spurious poles.

L. A. Johnson, C. R. T. Jones and S. Paranjape, Constraints on a Massive Double-Copy and Applications to Massive
Gravity, JHEP 02 (2021) 148 [2004.12948].

e It is unknown whether some alternate double copy prescription for
massive particles could remove the pathologies, but we can look at

the double copy for the superfields and cubic superamplitudes.
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Massive Spin-1 Cast of Characters

WV =# (21 - p2) (22 - p3) (23 - p1) ,
Co = (22 - 23) (21 - p2) + (21 - 23) (22 - p3) + (21 22) (23 - p1) ,

1
Cs =m [(21 'Pz) € (P1p32223) + (22 - p3) € (Pap12321) + (23 - P1) € (P3P22122)]

Lagrangian Operators

A fab v

Elz mcFa“ng Fﬁyl(g) — Cl
Ly = Fj, Fi"|(3) . Co
L3 = %euyaﬂFa“PFg"FcaﬂB) = Cs.
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Multiplets with Single Massive Spin-1

spin-0 | spin-1/2 | spin-1
5 4 1
1 2 1

|
— | Do

N
N

Massive Vector Superfields

1 ~
N =1 HI=AI+nIH+nJgIJ+§nmJ)\I
1 1 1 ~ ~
N =2 O = ¢+ N1’ + My H + —€®nransng”” + Snran§m”" + €€ nind nernasé

2 2 3

33



Massive Gluon Superamplitude Structures

N =1 AT TLTT) =6@ (QF) mia,r, B [—2{117}{28} + {21}{31%} + {18}{1"2)
+{12}{31"} — {12}{113}] .

N =2 A3[0,6,0] =6 (QT) €M 0, M2p,L, B1 [{171151} + {17171}

e Projecting to get the 3-gluon component amplitudes gives

X § G =#(21°p2) (22 - p3) (23 - p1) ,
e Co = (22 - 23) (21 - p2) + (21 - 23) (22 - p3) + (21 - 22) (23 - P1) ,

1
Cs =W [(21 'Pz) € (P1P322Z3) + (Zz 'P3) € (P2P12321) + (23 'Pl) € (P3P221Z2)]
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Double Copy for Supertields

Double Copy

Fields Generated

g @ gKL) Graviton plJKL
N=0+0| K Lg% ® gi) Massive 2-form B!/
g7 ® g1s Dilaton D
N=1+0 ¢ @ g7/x) Graviton superfield W//&
II;® g’/ Vector superfield Vi
N=2+0 O ® gl Graviton superfield I/
Ne=1l+1 ¢ @ 117) Graviton superfield T/
eI @ 117 Vector superfield %4
N=2+1 O QII! Graviton superfield A
N =2+2 OR6 Graviton superfield @




Graviton Vertices from Cubic Double Copy
N=0N =0
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Summary/Awards Ceremony

e Sufficient amounts of supersymmetry selects out cubic amplitudes for ghost-free

dRGT massive gravity.

e This can be seen by a brute force construction of the amplitudes, but can also
be seen by taking the high energy limit and seeing which amplitudes are ruled

out by massless supersymmetry Ward identities.

e A fully supersymmetric double copy selects the special cubic dRGT

amplitude.

e Award for maximal supersymmetry compatibility.
e Award for double copy compatibility.

e Award for lack of asymptotic superluminal

propagation in eikonal scattering.
e Award for partially massless symmetry and the

highest cutoff in de Sitter spacetime.
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Progress on 4-point Amplitudes

This was all of the cubic amplitudes. At quartic order there are an infinite
number of amplitudes that could be considered, which can be characterized by
the number of derivatives.

We allowed for 4-point graviton vertices with up to 6 derivatives.

In spinor-helicity formalism this could require about 30,000 terms.

Looking for a more clever way: restrict to amplitudes that give better high

energy growth, restricting to parity even amplitudes, etc.

Maybe there is a BCFW-like recursion scheme.
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Future Work

e See how adding supersymmetry to massive gravity affects quantum
corrections.
e Our results suggest for A >3 the dRGT potential will not get detuned by

quantum corrections.

e See what sort of massive gravity is allowed for the shortened N =8

multiplet.

o Apply these methods to bigravity theories. It would be interesting to

compare to cubic amplitudes from string theory.

D. Lust, C. Markou, P. Mazloumi, and S. Stieberger, “Extracting bigravity from string theory,”JHEP 12 (2021) 220,
arXiv:2106.04614 [hep-th].

e Is there a massive double copy prescription that would hold beyond quartic

order?
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