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How do you construct a UV complete 
theory which has an isolated massive 

high-spin particle in the IR?



How do you construct a UV complete 
theory which has an isolated massive 

high-spin particle in the IR?

More modestly: can you construct a low-energy 
EFT of a massive high-spin particle with a 

parametrically large separation between the 
mass and the cutoff?



Massive Particles
Interacting, massive high-spin particles do exist

• QCD: 

• Kaluza-Klein Theory: 

• String Theory:
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Massive Particles
Can the spectrum look like this?

mass

0

m

M

} parametrically large gap 
M >> m

spin-0: yes!
spin-1: yes!
spin  2: ???�

Need to construct a low energy EFT with cut-off >> mass



Massive Spin-2’s: 

✴ First “high-spin” particle 

✴ Possible relevance to gravity



• Intro to massive spin-2s 

•Causality constraints 

•Raising the cutoff

Massive Spin-2’s at High Energies

Outline

Work with: 
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1.Intro to 
Massive Spin-2s



add a mass!
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Massive Spin-2 
The Free Theory
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Z
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Massive Spin-2 
The Free Theory
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Massive Spin-2 
The Interacting Theory

+O(h3) +O(h4) + . . .

add interaction terms

�

• Is there a non-linear theory of a massive 
spin-2 particle that maintains a 
constraint at the fully non-linear level 
and thus avoids an extra, pathological 
DOF?

Boulware, Deser (1972)



S0[e] = �abcd e
a ^ eb ^ ec ^ ed

S1[e] = �abcd e
a ^ eb ^ ec ^ 1d

S3[e] = �abcd e
a ^ 1b ^ 1c ^ 1d

S4[e] = �abcd 1
a ^ 1b ^ 1c ^ 1d

S2[e] = �abcd e
a ^ eb ^ 1c ^ 1d
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Pl
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)

C. de Rham, G. Gabadadze,  A. J. Tolley (2010) S. F. Hassan, RAR (2011) K. Hinterbichler, RAR (2012)

Free parameters: MPl, ⇤, m, �2, �3

<latexit sha1_base64="xcQzOapQdsVdcdt2CKvVfrvPhmI="></latexit>

Massive Spin-2 
The Interacting Theory



What about the cut-off?

S2 =

Z
d4x
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Generic massive gravity:

<latexit sha1_base64="0Vi0+JKR869k6VrMxnXzHXxm5mE="></latexit>
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⇤5 = (m4MP )
1/5

2-2 scattering of the helicity-0 mode:

where



What about the cut-off?
Ghost-free massive gravity:

2-2 scattering of the helicity-0 mode:

where

S =
M2

Pl

2

Z
d4x
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det eR[e]�m2
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<latexit sha1_base64="mP65sckmBPZWjwgfiJyQSQPWN0Y="></latexit>
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1/3



What about the cut-off?

mass

0

m

⇤3 = (MPlm
2)1/3 ⇤3

EFT cut-off:

⇤3 � m

hierarchy is stable under quantum corrections
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What about the cut-off?
General Relativity:

non-linear linear
<latexit sha1_base64="jc+Pshr5Xw7e1qzQhypcIiVcuvA="></latexit>

r ⇠ M

M2
P

⇠ 3 km

quantum classical
<latexit sha1_base64="UZBTaOs8MaLhROFMbN6LPL+/dA0="></latexit>

r ⇠ 1

MP
⇠ 10�38 km

<latexit sha1_base64="5GFw20BaYA2F73woT24ybH6DflA=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0hCq/VW9OJFaMF+QBvKZjtp1242YXcjlNJf4MWDIl79Sd78N27TCir6YODx3gwz84KEM6Ud58PKrayurW/kNwtb2zu7e8X9g5aKU0mhSWMey05AFHAmoKmZ5tBJJJAo4NAOxldzv30PUrFY3OpJAn5EhoKFjBJtpMZNv1hybM+puBcVnBHPcxfErbrYtZ0MJbREvV987w1imkYgNOVEqa7rJNqfEqkZ5TAr9FIFCaFjMoSuoYJEoPxpdugMnxhlgMNYmhIaZ+r3iSmJlJpEgemMiB6p395c/Mvrpjqs+lMmklSDoItFYcqxjvH8azxgEqjmE0MIlczciumISEK1yaZgQvj6FP9PWp7tntnlRrlUu1zGkUdH6BidIhedoxq6RnXURBQBekBP6Nm6sx6tF+t10ZqzljOH6Aest0/x3o0N</latexit>

M

(NOT TO SCALE)

Massive Gravity:
non-linear linear

quantum classical

<latexit sha1_base64="5GFw20BaYA2F73woT24ybH6DflA=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0hCq/VW9OJFaMF+QBvKZjtp1242YXcjlNJf4MWDIl79Sd78N27TCir6YODx3gwz84KEM6Ud58PKrayurW/kNwtb2zu7e8X9g5aKU0mhSWMey05AFHAmoKmZ5tBJJJAo4NAOxldzv30PUrFY3OpJAn5EhoKFjBJtpMZNv1hybM+puBcVnBHPcxfErbrYtZ0MJbREvV987w1imkYgNOVEqa7rJNqfEqkZ5TAr9FIFCaFjMoSuoYJEoPxpdugMnxhlgMNYmhIaZ+r3iSmJlJpEgemMiB6p395c/Mvrpjqs+lMmklSDoItFYcqxjvH8azxgEqjmE0MIlczciumISEK1yaZgQvj6FP9PWp7tntnlRrlUu1zGkUdH6BidIhedoxq6RnXURBQBekBP6Nm6sx6tF+t10ZqzljOH6Aest0/x3o0N</latexit>

M

<latexit sha1_base64="+zsHCeGpHic5zzAIw5C80rUgero=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgadlZjMZb0IvHBMwDkiXMTmaTMbMPZmaFsOQLvHhQxKuf5M2/cbKJoKIFDUVVN91dfiK40o7zYRVWVtfWN4qbpa3tnd298v5BW8WppKxFYxHLrk8UEzxiLc21YN1EMhL6gnX8yfXc79wzqXgc3eppwryQjCIecEq0kZpyUK44tutU8WUV5cR18YLgGkbYdnJUYInGoPzeH8Y0DVmkqSBK9bCTaC8jUnMq2KzUTxVLCJ2QEesZGpGQKS/LD52hE6MMURBLU5FGufp9IiOhUtPQN50h0WP125uLf3m9VAc1L+NRkmoW0cWiIBVIx2j+NRpyyagWU0MIldzciuiYSEK1yaZkQvj6FP1P2q6Nz+2z5lmlfrWMowhHcAyngOEC6nADDWgBBQYP8ATP1p31aL1Yr4vWgrWcOYQfsN4+ASoBjTI=</latexit>r

<latexit sha1_base64="+zsHCeGpHic5zzAIw5C80rUgero=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgadlZjMZb0IvHBMwDkiXMTmaTMbMPZmaFsOQLvHhQxKuf5M2/cbKJoKIFDUVVN91dfiK40o7zYRVWVtfWN4qbpa3tnd298v5BW8WppKxFYxHLrk8UEzxiLc21YN1EMhL6gnX8yfXc79wzqXgc3eppwryQjCIecEq0kZpyUK44tutU8WUV5cR18YLgGkbYdnJUYInGoPzeH8Y0DVmkqSBK9bCTaC8jUnMq2KzUTxVLCJ2QEesZGpGQKS/LD52hE6MMURBLU5FGufp9IiOhUtPQN50h0WP125uLf3m9VAc1L+NRkmoW0cWiIBVIx2j+NRpyyagWU0MIldzciuiYSEK1yaZkQvj6FP1P2q6Nz+2z5lmlfrWMowhHcAyngOEC6nADDWgBBQYP8ATP1p31aL1Yr4vWgrWcOYQfsN4+ASoBjTI=</latexit>r
<latexit sha1_base64="Qewu0Fsv6DTiRc9k3JK8+PmYqgQ="></latexit>
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⇠ 103 km

<latexit sha1_base64="lxke7UQ4j5MZwOOXm4DciJmz6zs="></latexit>
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2 .Causality 
Constraints



In the S-Matrix, causality manifests as 
momentum space analyticity

 f (t) =

Z
dt0

Z
d! S(!)e�i!(t�t0) i(t

0)

<latexit sha1_base64="VUryyHGNSjG4ewJYkfSvtHFNw+M="></latexit>

 i(t) = 0 for t < 0 ! S(!)

<latexit sha1_base64="2+66LI4Lztj9X9Zms85DHg9RxvM="></latexit>

if analytic in upper half plane

Causality Contraints



Analyticity Constraints

Adams, Arkani-Hamed, Dubovsky, Nicolis, Rattazzi (2006)

L = (@�)2 +
c

⇤4
(@�)4 + . . .

<latexit sha1_base64="QuI5fKgJ2RRZBU3HSgbxDcJyw8I="></latexit>

• analyticity gives: 

• low energy EFT:    must be positive to avoid 
superluminality around non-trivial backgrounds 

I =
1

2⇡i

I
ds

A(s, 0)

(s� µ2)3
> 0

<latexit sha1_base64="z5AXSfttsOcWI2GT4Tpq/c0PWFk="></latexit>

c

<latexit sha1_base64="bhiSapZqB4YpGiPqZwij2aj/HSs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmqxfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1arXzVqlfpPHUYQTOIVz8OAS6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fykWM8w==</latexit>

) c > 0

<latexit sha1_base64="Rw8mmw7OmzB77gPf+ts2bm+ttBU=">AAAB+nicbVBNSwMxEJ2tX7V+bfXoJVgET2VXBPUiRS8eq9gPaJeSTdM2NJssSdZS1v4ULx4U8eov8ea/MW33oK0PBh7vzTAzL4w508bzvp3cyura+kZ+s7C1vbO75xb361omitAakVyqZog15UzQmmGG02asKI5CThvh8GbqNx6p0kyKBzOOaRDhvmA9RrCxUscttu9Zf2CwUnKECLpCXscteWVvBrRM/IyUIEO14361u5IkERWGcKx1y/diE6RYGUY4nRTaiaYxJkPcpy1LBY6oDtLZ6RN0bJUu6kllSxg0U39PpDjSehyFtjPCZqAXvan4n9dKTO8iSJmIE0MFmS/qJRwZiaY5oC5TlBg+tgQTxeytiAywwsTYtAo2BH/x5WVSPy37Z+XLu7NS5TqLIw+HcAQn4MM5VOAWqlADAiN4hld4c56cF+fd+Zi35pxs5gD+wPn8AdeTkxc=</latexit>

constraints agree!

forward limit t ! 0

<latexit sha1_base64="fGBvXxUITCehaztUbrVg2Qqc2/Y=">AAAB9XicdVDJSgNBEO1xjXGLevTSGARPQ0+cMMkt4MVjBLNAMoaeTk/SpGehu8YQQv7DiwdFvPov3vwbO4ugog8KHu9VUVUvSKXQQMiHtba+sbm1ndvJ7+7tHxwWjo6bOskU4w2WyES1A6q5FDFvgADJ26niNAokbwWjq7nfuudKiyS+hUnK/YgOYhEKRsFId9BVYjAEqlQyxqRXKBLbdYlXrWBil73qZck1xPEqFVLGjk0WKKIV6r3Ce7efsCziMTBJte44JAV/ShUIJvks3800Tykb0QHvGBrTiGt/urh6hs+N0sdhokzFgBfq94kpjbSeRIHpjCgM9W9vLv7ldTIIK/5UxGkGPGbLRWEmMSR4HgHuC8UZyIkhlClhbsVsSBVlYILKmxC+PsX/k2bJdly7euMWa6VVHDl0is7QBXKQh2roGtVRAzGk0AN6Qs/W2Hq0XqzXZeuatZo5QT9gvX0C7PySxg==</latexit>

Causality Contraints



Analyticity Constraints

Adams, Arkani-Hamed, Dubovsky, Nicolis, Rattazzi (2006)

L = (@�)2 +
c

⇤4
(@�)4 + . . .

<latexit sha1_base64="QuI5fKgJ2RRZBU3HSgbxDcJyw8I="></latexit>

• analyticity gives: 

• low energy EFT:    must be positive to avoid 
superluminality around non-trivial backgrounds 

I =
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I
ds

A(s, 0)

(s� µ2)3
> 0

<latexit sha1_base64="z5AXSfttsOcWI2GT4Tpq/c0PWFk="></latexit>

c

<latexit sha1_base64="bhiSapZqB4YpGiPqZwij2aj/HSs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmqxfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1arXzVqlfpPHUYQTOIVz8OAS6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fykWM8w==</latexit>

) c > 0

<latexit sha1_base64="Rw8mmw7OmzB77gPf+ts2bm+ttBU=">AAAB+nicbVBNSwMxEJ2tX7V+bfXoJVgET2VXBPUiRS8eq9gPaJeSTdM2NJssSdZS1v4ULx4U8eov8ea/MW33oK0PBh7vzTAzL4w508bzvp3cyura+kZ+s7C1vbO75xb361omitAakVyqZog15UzQmmGG02asKI5CThvh8GbqNx6p0kyKBzOOaRDhvmA9RrCxUscttu9Zf2CwUnKECLpCXscteWVvBrRM/IyUIEO14361u5IkERWGcKx1y/diE6RYGUY4nRTaiaYxJkPcpy1LBY6oDtLZ6RN0bJUu6kllSxg0U39PpDjSehyFtjPCZqAXvan4n9dKTO8iSJmIE0MFmS/qJRwZiaY5oC5TlBg+tgQTxeytiAywwsTYtAo2BH/x5WVSPy37Z+XLu7NS5TqLIw+HcAQn4MM5VOAWqlADAiN4hld4c56cF+fd+Zi35pxs5gD+wPn8AdeTkxc=</latexit>

constraints agree!

forward limit t ! 0

<latexit sha1_base64="fGBvXxUITCehaztUbrVg2Qqc2/Y=">AAAB9XicdVDJSgNBEO1xjXGLevTSGARPQ0+cMMkt4MVjBLNAMoaeTk/SpGehu8YQQv7DiwdFvPov3vwbO4ugog8KHu9VUVUvSKXQQMiHtba+sbm1ndvJ7+7tHxwWjo6bOskU4w2WyES1A6q5FDFvgADJ26niNAokbwWjq7nfuudKiyS+hUnK/YgOYhEKRsFId9BVYjAEqlQyxqRXKBLbdYlXrWBil73qZck1xPEqFVLGjk0WKKIV6r3Ce7efsCziMTBJte44JAV/ShUIJvks3800Tykb0QHvGBrTiGt/urh6hs+N0sdhokzFgBfq94kpjbSeRIHpjCgM9W9vLv7ldTIIK/5UxGkGPGbLRWEmMSR4HgHuC8UZyIkhlClhbsVsSBVlYILKmxC+PsX/k2bJdly7euMWa6VVHDl0is7QBXKQh2roGtVRAzGk0AN6Qs/W2Hq0XqzXZeuatZo5QT9gvX0C7PySxg==</latexit>

Causality Contraints



Analyticity Constraints

Is this connection always manifest?

Let’s try a different example…

Causality Contraints



Consistency of scattering 
amplitudes in the forward 
limit constrains the two 

free parameters of a 
massive spin-2 particle

Cheung, Remmen (2016)

Massive Spin-2 Particles

(�2,�3) ! (c3, d5)

<latexit sha1_base64="kah/38+ADItrfd0Nfc+M/STIRKc="></latexit>

Analyticity Constraints



Massive Spin-2 Particles
What about superluminality?

Asymptotic superluminality: S-matrix observable, 
doesn’t depend on existence of non-trivial background solution

• Can the backgrounds in question can be 
reached dynamically within the regime of 
validity of the effective theory?  

• Is the superluminality itself is visible within 
the effective theory?



Meik(s, t) =

<latexit sha1_base64="oBQEu9ej8AH9rXm9lfwy5Q2l3po=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iEClISKagLoejGjVDBPqAJYTKdtENnJmFmIpQQ3Pgrblwo4tavcOffOH0stHrgwuGce7n3njBhVGnH+bIKC4tLyyvF1dLa+sbmlr2901JxKjFp4pjFshMiRRgVpKmpZqSTSIJ4yEg7HF6N/fY9kYrG4k6PEuJz1Bc0ohhpIwX2XuZhxOBNHmSe5JDQYV5Rx/oIXgR22ak6E8C/xJ2RMpihEdifXi/GKSdCY4aU6rpOov0MSU0xI3nJSxVJEB6iPukaKhAnys8mL+Tw0Cg9GMXSlNBwov6cyBBXasRD08mRHqh5byz+53VTHZ35GRVJqonA00VRyqCO4TgP2KOSYM1GhiAsqbkV4gGSCGuTWsmE4M6//Je0TqpurXp+WyvXL2dxFME+OAAV4IJTUAfXoAGaAIMH8ARewKv1aD1bb9b7tLVgzWZ2wS9YH9+i75ZO</latexit>

= e

<latexit sha1_base64="OdWHuPSON7eqJXPZswI3AHP9tec=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUA9C0YvHKvYD2lA220m7dLMJuxuhhP4DLx4U8eo/8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53Cyura+kZxs7S1vbO7V94/aOo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDv1W0+oNI/loxkn6Ed0IHnIGTVWerjGXrniVt0ZyDLxclKBHPVe+avbj1kaoTRMUK07npsYP6PKcCZwUuqmGhPKRnSAHUsljVD72ezSCTmxSp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPQzLpPUoGTzRWEqiInJ9G3S5wqZEWNLKFPc3krYkCrKjA2nZEPwFl9eJs2zqndevbo/r9Ru8jiKcATHcAoeXEAN7qAODWAQwjO8wpszcl6cd+dj3lpw8plD+APn8wdO8Y08</latexit>

iMeik(s, t) = 2s

Z
d2~b ei~q·

~b
⇣
ei�(s,

~b) � 1
⌘

<latexit sha1_base64="XbEWph+Viz1KR9XIy1rpt1Q/RE0="></latexit>

eikonal phasetime delay: �x� =
1

|p�|�(s, b)
�(s, b) > 0

Eikonal Scattering
Causality Contraints

t’ Hooft (1987), Kabat & Ortiz (1992)

2-2 scattering at large CoM energy, 
large impact parameter               :t/s ! 0



eikonal phase depends only on on-shell cubic vertices:

Camanho, Edelstein, Maldacena, Zhiboedov (2014)

factorizes!

Powerful:  Can take CoM energy well above EFT cutoff 
and only the on-shell cubic vertices are relevant

�(s, b) =
1

2s

Z
d2~q

(2⇡)2
e�i~b·~qMtree(~q)

<latexit sha1_base64="vCYOXn5lAWSvILBL/qe7/+5AvOk="></latexit>

Eikonal Scattering
Causality Contraints



Massive Spin-2 Particles
Only 5 on-shell cubic vertices

Joyce, Hinterbichler, RAR (2017)

a1, a2, a3, a4, a5

<latexit sha1_base64="YawyEcEfeJQ1RlE901rDcaAjebs=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFcSElqRd0V3bisYB/QhnAznbZDJ5MwMxFCqL/ixoUibv0Qd/6N0zYLbT1w4HDOvcydE8ScKe0439bK6tr6xmZhq7i9s7u3bx8ctlSUSEKbJOKR7ASgKGeCNjXTnHZiSSEMOG0H49tp3n6kUrFIPOg0pl4IQ8EGjIA2lm+XwHfPwK8anhvWDC98u+xUnBnwsnBzUUY5Gr791etHJAmp0ISDUl3XibWXgdSMcDop9hJFYyBjGNKukQJCqrxsdvwEnxinjweRNBQaz9zfGxmESqVhYCZD0CO1mE3N/7JuogdXXsZEnGgqyPyhQcKxjvC0CdxnkhLNUyOASGZuxWQEEog2fRVNCe7il5dFq1pxa5Xr+1q5fpPXUUBH6BidIhddojq6Qw3URASl6Bm9ojfryXqx3q2P+eiKle+U0B9Ynz+0KpLk</latexit>

Free coefficients:



Massive Spin-2 Particles
Order-by-order constraints

Joyce, Hinterbichler, RAR (2017)

Highest order:

Next order:

Next order:

Finally: �(s, b) =
a22s

16⇡M2
Pl

K0(mb)

<latexit sha1_base64="fR0KMb72IM62OMxTHbvl8pr1fbg="></latexit>

a3 = 2a2

<latexit sha1_base64="TBRSZ5AXqyXPLVdA48hSBo6J4Ag=">AAAB8HicdVDLSsNAFJ3UV62vqks3g0VwFSYx1WYhFNy4rGAf0oYwmU7aoTNJmJkIpfQr3LhQxK2f486/cfoQVPTAhcM593LvPVHGmdIIfViFldW19Y3iZmlre2d3r7x/0FJpLgltkpSnshNhRTlLaFMzzWknkxSLiNN2NLqa+e17KhVLk1s9zmgg8CBhMSNYG+kOh2eXLsShG5YryEZVH3k+RLbneMhxDame+z6qQcdGc1TAEo2w/N7rpyQXNNGEY6W6Dsp0MMFSM8LptNTLFc0wGeEB7RqaYEFVMJkfPIUnRunDOJWmEg3n6veJCRZKjUVkOgXWQ/Xbm4l/ed1cx7VgwpIs1zQhi0VxzqFO4ex72GeSEs3HhmAimbkVkiGWmGiTUcmE8PUp/J+0XNvxbP/Gq9RryziK4Agcg1PggAtQB9egAZqAAAEewBN4tqT1aL1Yr4vWgrWcOQQ/YL19AoiTj5Y=</latexit>

a5 = 0

<latexit sha1_base64="vt9zEO4lsKrji4g3uNwflEdTOKk=">AAAB7HicdVDLSgNBEOyNrxhfUY9eBoPgaZkNG80ehIAXjxHMA5IlzE4myZDZ2WVmVggh3+DFgyJe/SBv/o2Th6CiBQ1FVTfdXVEquDYYfzi5tfWNza38dmFnd2//oHh41NRJpihr0EQkqh0RzQSXrGG4EaydKkbiSLBWNL6e+617pjRP5J2ZpCyMyVDyAafEWKlBepUr3CuWsIsrAfYDhF3f87FXtqRyEQS4ijwXL1CCFeq94nu3n9AsZtJQQbTueDg14ZQow6lgs0I30ywldEyGrGOpJDHT4XRx7AydWaWPBomyJQ1aqN8npiTWehJHtjMmZqR/e3PxL6+TmUE1nHKZZoZJulw0yAQyCZp/jvpcMWrExBJCFbe3IjoiilBj8ynYEL4+Rf+TZtn1fDe49Uu16iqOPJzAKZyDB5dQgxuoQwMocHiAJ3h2pPPovDivy9acs5o5hh9w3j4BTmyOXA==</latexit>

a1 = 0

<latexit sha1_base64="Wyh3ts3sZ9RtngC8BpoBMdSRyQk=">AAAB7HicdVDLSgNBEOyNrxhfUY9eBoPgaZkNG80ehIAXjxHMA5IlzE4myZDZ2WVmVggh3+DFgyJe/SBv/o2Th6CiBQ1FVTfdXVEquDYYfzi5tfWNza38dmFnd2//oHh41NRJpihr0EQkqh0RzQSXrGG4EaydKkbiSLBWNL6e+617pjRP5J2ZpCyMyVDyAafEWKlBet4V7hVL2MWVAPsBwq7v+dgrW1K5CAJcRZ6LFyjBCvVe8b3bT2gWM2moIFp3PJyacEqU4VSwWaGbaZYSOiZD1rFUkpjpcLo4dobOrNJHg0TZkgYt1O8TUxJrPYkj2xkTM9K/vbn4l9fJzKAaTrlMM8MkXS4aZAKZBM0/R32uGDViYgmhittbER0RRaix+RRsCF+fov9Js+x6vhvc+qVadRVHHk7gFM7Bg0uowQ3UoQEUODzAEzw70nl0XpzXZWvOWc0cww84b59IVI5Y</latexit>

positive!

mb ⌧ 1

<latexit sha1_base64="svYW1+8ssRUpoV/3qH7E+04Mlyw=">AAAB7nicdVDLSgMxFM34rPVVdekmWARXQ6YtdborunFZwT6gHUomzbShSWZIMkIZ+hFuXCji1u9x59+YaSuo6IELh3Pu5d57woQzbRD6cNbWNza3tgs7xd29/YPD0tFxR8epIrRNYh6rXog15UzStmGG016iKBYhp91wep373XuqNIvlnZklNBB4LFnECDZW6opwwDn0hqUycqt1VPF8aIlf9VEtJ416FTWg56IFymCF1rD0PhjFJBVUGsKx1n0PJSbIsDKMcDovDlJNE0ymeEz7lkosqA6yxblzeG6VEYxiZUsauFC/T2RYaD0Toe0U2Ez0by8X//L6qYn8IGMySQ2VZLkoSjk0Mcx/hyOmKDF8ZgkmitlbIZlghYmxCRVtCF+fwv9Jp+J6NbdxWys3r1ZxFMApOAMXwAOXoAluQAu0AQFT8ACewLOTOI/Oi/O6bF1zVjMn4Aect08PE49s</latexit>

kills R3

kills pseudo-linear

fixes h3 coefficient

(for D>4 also have a4 =0)



Massive Spin-2 Particles
Order-by-order constraints

Joyce, Hinterbichler, RAR (2017)

Highest order:

Next order:

Next order:

Finally: �(s, b) =
a22s

16⇡M2
Pl

K0(mb)

<latexit sha1_base64="fR0KMb72IM62OMxTHbvl8pr1fbg="></latexit>

a3 = 2a2

<latexit sha1_base64="TBRSZ5AXqyXPLVdA48hSBo6J4Ag=">AAAB8HicdVDLSsNAFJ3UV62vqks3g0VwFSYx1WYhFNy4rGAf0oYwmU7aoTNJmJkIpfQr3LhQxK2f486/cfoQVPTAhcM593LvPVHGmdIIfViFldW19Y3iZmlre2d3r7x/0FJpLgltkpSnshNhRTlLaFMzzWknkxSLiNN2NLqa+e17KhVLk1s9zmgg8CBhMSNYG+kOh2eXLsShG5YryEZVH3k+RLbneMhxDame+z6qQcdGc1TAEo2w/N7rpyQXNNGEY6W6Dsp0MMFSM8LptNTLFc0wGeEB7RqaYEFVMJkfPIUnRunDOJWmEg3n6veJCRZKjUVkOgXWQ/Xbm4l/ed1cx7VgwpIs1zQhi0VxzqFO4ex72GeSEs3HhmAimbkVkiGWmGiTUcmE8PUp/J+0XNvxbP/Gq9RryziK4Agcg1PggAtQB9egAZqAAAEewBN4tqT1aL1Yr4vWgrWcOQQ/YL19AoiTj5Y=</latexit>

a5 = 0

<latexit sha1_base64="vt9zEO4lsKrji4g3uNwflEdTOKk=">AAAB7HicdVDLSgNBEOyNrxhfUY9eBoPgaZkNG80ehIAXjxHMA5IlzE4myZDZ2WVmVggh3+DFgyJe/SBv/o2Th6CiBQ1FVTfdXVEquDYYfzi5tfWNza38dmFnd2//oHh41NRJpihr0EQkqh0RzQSXrGG4EaydKkbiSLBWNL6e+617pjRP5J2ZpCyMyVDyAafEWKlBepUr3CuWsIsrAfYDhF3f87FXtqRyEQS4ijwXL1CCFeq94nu3n9AsZtJQQbTueDg14ZQow6lgs0I30ywldEyGrGOpJDHT4XRx7AydWaWPBomyJQ1aqN8npiTWehJHtjMmZqR/e3PxL6+TmUE1nHKZZoZJulw0yAQyCZp/jvpcMWrExBJCFbe3IjoiilBj8ynYEL4+Rf+TZtn1fDe49Uu16iqOPJzAKZyDB5dQgxuoQwMocHiAJ3h2pPPovDivy9acs5o5hh9w3j4BTmyOXA==</latexit>

a1 = 0

<latexit sha1_base64="Wyh3ts3sZ9RtngC8BpoBMdSRyQk=">AAAB7HicdVDLSgNBEOyNrxhfUY9eBoPgaZkNG80ehIAXjxHMA5IlzE4myZDZ2WVmVggh3+DFgyJe/SBv/o2Th6CiBQ1FVTfdXVEquDYYfzi5tfWNza38dmFnd2//oHh41NRJpihr0EQkqh0RzQSXrGG4EaydKkbiSLBWNL6e+617pjRP5J2ZpCyMyVDyAafEWKlBet4V7hVL2MWVAPsBwq7v+dgrW1K5CAJcRZ6LFyjBCvVe8b3bT2gWM2moIFp3PJyacEqU4VSwWaGbaZYSOiZD1rFUkpjpcLo4dobOrNJHg0TZkgYt1O8TUxJrPYkj2xkTM9K/vbn4l9fJzKAaTrlMM8MkXS4aZAKZBM0/R32uGDViYgmhittbER0RRaix+RRsCF+fov9Js+x6vhvc+qVadRVHHk7gFM7Bg0uowQ3UoQEUODzAEzw70nl0XpzXZWvOWc0cww84b59IVI5Y</latexit>

positive!

mb ⌧ 1

<latexit sha1_base64="svYW1+8ssRUpoV/3qH7E+04Mlyw=">AAAB7nicdVDLSgMxFM34rPVVdekmWARXQ6YtdborunFZwT6gHUomzbShSWZIMkIZ+hFuXCji1u9x59+YaSuo6IELh3Pu5d57woQzbRD6cNbWNza3tgs7xd29/YPD0tFxR8epIrRNYh6rXog15UzStmGG016iKBYhp91wep373XuqNIvlnZklNBB4LFnECDZW6opwwDn0hqUycqt1VPF8aIlf9VEtJ416FTWg56IFymCF1rD0PhjFJBVUGsKx1n0PJSbIsDKMcDovDlJNE0ymeEz7lkosqA6yxblzeG6VEYxiZUsauFC/T2RYaD0Toe0U2Ez0by8X//L6qYn8IGMySQ2VZLkoSjk0Mcx/hyOmKDF8ZgkmitlbIZlghYmxCRVtCF+fwv9Jp+J6NbdxWys3r1ZxFMApOAMXwAOXoAluQAu0AQFT8ACewLOTOI/Oi/O6bF1zVjMn4Aect08PE49s</latexit>

*from EFT point of view, coefficients do not need to be strictly zero but extremely small



Joyce, Hinterbichler, RAR (2017)

Massive Spin-2 Particles

L3 =
1

2Mp
R(3)

EH
+

m2

2Mp
h3

µ⌫

<latexit sha1_base64="86AcbGFKUqEKWdKTGeQ/s213YY0="></latexit>

If the cubic Lagrangian is not of this form then new 
physics must arise at the scale    .m

<latexit sha1_base64="NJAhAX+SGxTNcrNOq5lczp6xk1c=">AAAB6HicdVDLSgMxFM3UV62vqks3wSK4GmZ0Ztruim5ctmAf0A4lk2ba2CQzJBmhlH6BGxeKuPWT3Pk3pg9BRQ9cOJxzL/feE6WMKu04H1ZubX1jcyu/XdjZ3ds/KB4etVSSSUyaOGGJ7ERIEUYFaWqqGemkkiAeMdKOxtdzv31PpKKJuNWTlIQcDQWNKUbaSA3eL5Yc2/H9S8eHju25Fc8LDPGDahCUoWs7C5TACvV+8b03SHDGidCYIaW6rpPqcIqkppiRWaGXKZIiPEZD0jVUIE5UOF0cOoNnRhnAOJGmhIYL9fvEFHGlJjwynRzpkfrtzcW/vG6m40o4pSLNNBF4uSjOGNQJnH8NB1QSrNnEEIQlNbdCPEISYW2yKZgQvj6F/5PWhe16drXhlWpXqzjy4AScgnPggjKogRtQB02AAQEP4Ak8W3fWo/VivS5bc9Zq5hj8gPX2CVJCjVE=</latexit>

Eikonal Scattering

constrains cubic interactions 
of the massive spin-2:



Joyce, Hinterbichler, RAR (2017)

Massive Spin-2 Particles
Eikonal Scattering



Hinterbichler, RAR (2016); Joyce, Hinterbichler, RAR (2017)

Massive Spin-2 Particles
agreement for pseudo-linear massive gravity

Hinterbichler (2013)

NO consistency with positivity, NO consistency with luminality



Caveats about about asymptotic superluminality
Causality Contraints

• In flat spacetime, no direct derivation of the absence 
of asymptotic time advances in the S-matrix as a 
consequence of more fundamental notions such as 
analyticity or locality 

•No proof that eikonal phase is always given by 
resummation of ladder graphs 

•Bounds don’t apply for cosmological applications



3 .Raising the 
Cutoff



Raising the Cutoff
Ghost-free massive gravity:

2-2 scattering of the helicity-0 mode:

where

S =
M2

Pl

2

Z
d4x

(
det eR[e]�m2

4X

n=0

�nSn[e]

)

<latexit sha1_base64="mP65sckmBPZWjwgfiJyQSQPWN0Y="></latexit>

M ⇠
✓

E

⇤3

◆6
<latexit sha1_base64="Rzbng5HXoO0++hoy5dUWIP6B54A=">AAACBHicdVDLSgMxFM34rPU16rKbYBHqps60pY+FUHTjQqGCfUAfQyaTaUMzD5KMUIYu3Pgrblwo4taPcOffmLYjqOiBwOGcc7m5xw4ZFdIwPrSl5ZXVtfXURnpza3tnV9/bb4kg4pg0ccAC3rGRIIz6pCmpZKQTcoI8m5G2PT6f+e1bwgUN/Bs5CUnfQ0OfuhQjqSRLz/QuVdhBVhGewpw3KMArq3E8iM2T4tTSs0berJm1chEuSLWSkFINmnljjixI0LD0954T4MgjvsQMCdE1jVD2Y8QlxYxM071IkBDhMRqSrqI+8ojox/MjpvBIKQ50A66eL+Fc/T4RI0+IiWerpIfkSPz2ZuJfXjeSbrUfUz+MJPHxYpEbMSgDOGsEOpQTLNlEEYQ5VX+FeIQ4wlL1llYlfF0K/yetQt4s50vXpWz9LKkjBTLgEOSACSqgDi5AAzQBBnfgATyBZ+1ee9RetNdFdElLZg7AD2hvn4VDliI=</latexit>

⇤3 = (m2MP )
1/3



Bonifacio, Hinterbichler, RAR (2019)

ADD VECTORS AND SCALARS

Improved behavior?
A ⇠ E2n ) ⇤n = (MPlm

n�1)1/n

Raising the Cutoff
Gravitational Higgs Mechanism

<latexit sha1_base64="cCt7mxLYl9SLOiKeKZoQgDS3IPY=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVUj0WvXgRKtgPaZeSTbNtaJJdkqxQlv4KLx4U8erP8ea/MdvuQVsfDDzem2FmXhBzpo3rfjuFtfWNza3idmlnd2//oHx41NZRoghtkYhHqhtgTTmTtGWY4bQbK4pFwGknmNxkfueJKs0i+WCmMfUFHkkWMoKNlR7TPsEc3c1Kg3LFrbpzoFXi5aQCOZqD8ld/GJFEUGkIx1r3PDc2foqVYYTTWamfaBpjMsEj2rNUYkG1n84PnqEzqwxRGClb0qC5+nsixULrqQhsp8BmrJe9TPzP6yUmvPJTJuPEUEkWi8KEIxOh7Hs0ZIoSw6eWYKKYvRWRMVaYGJtRFoK3/PIqaV9UvXq1dl+rNK7zOIpwAqdwDh5cQgNuoQktICDgGV7hzVHOi/PufCxaC04+cwx/4Hz+AO0Qj9g=</latexit>

M



Bonifacio, Hinterbichler, RAR (2019)

Raising the Cutoff
Approach 1:

• Start with Einstein Hilbert kinetic term plus a potential 
• Consider all relevant cubic vertices: 

• Calculate tree-level amplitude, fix coefficients
recover dRGT potential, no improvement<latexit sha1_base64="QJwHeHVN1YW0fxDYoA55C55EzNU=">AAAB8nicdVDLSgNBEJyNrxhfUY9eBoPgaZnVNRtvQS8eo5gHJCHMTibJkNmdZaZXCSGf4cWDIl79Gm/+jZOHoKIFDUVVN91dYSKFAUI+nMzS8srqWnY9t7G5tb2T392rGZVqxqtMSaUbITVciphXQYDkjURzGoWS18Ph5dSv33FthIpvYZTwdkT7segJRsFKzdaN6A+Aaq3uO/kCcUmJlAKCiet7p4HnW3JWPC/5AfZcMkMBLVDp5N9bXcXSiMfAJDWm6ZEE2mOqQTDJJ7lWanhC2ZD2edPSmEbctMezkyf4yCpd3FPaVgx4pn6fGNPImFEU2s6IwsD89qbiX14zhV6pPRZxkgKP2XxRL5UYFJ7+j7tCcwZyZAllWthbMRtQTRnYlHI2hK9P8f+kduJ6Rde/9gvli0UcWXSADtEx8lCAyugKVVAVMaTQA3pCzw44j86L8zpvzTiLmX30A87bJwovkcg=</latexit>)



Bonifacio, Hinterbichler, RAR (2019)

Raising the Cutoff
Approach 2: Model Independent

• Write down the most general 4-point amplitude 
consistent with Lorentz invariance, locality, unitarity, 
crossing symmetry and a bounded number of 
derivatives using on-shell cubic and quartic vertices 

• Finite number of free parameters for the exchange 
terms, finite number of free polynomials for the 
contact terms 

• Expand at high energies, fix coefficients

NO improved behavior

See also: Bonifacio, Hinterbichler (2018)



Outlook

• Raising the low cutoff of a massive 
spin-2 requires massive particles of 
spin 2 or higher 

• Can you raise the cutoff with a 
finite number of particles? 

• Can you have a parametrically 
large gap between the mass and 
new physics?



Thank you!




