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Motivations
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Gravity is related to many of the deepest puzzles in fundamental physics today.

dark matter
What have we verified so far about Inflation?
• Qualitative: all the modes are in phase, perturbations from superhubble scale

• But the quantitative part of the peaks is not high-energy physics.
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electroweak scale
Introduction:

Imagine the Higgs is Composite (Georgi, Kaplan et al.1984;     

                                                                      Agashe, Contino, Pomarol 2004)

Hierarchy Problem is solved :

Corrections to        screened above     \

       is IR-saturated
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large extra-dimensions (ADD)
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5

Effective Field Theory Approach

UV completion

IR EFT

LIR =
X

i

Oi(x)

⇤�i�4
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Novel ways to test heavy gravitational physics beyond the Standard Models.
e.g. GRSMEFT, most general set of deformations of leading dynamics.

Different and robust understanding of the properties of UV completions of gravity.
e.g. positivity constraints on Wilson coefficients.

model       independent
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Non-redundant Operator Basis

First main goal: identify most general set of IR deformations, w/o redundancies.

Group relations:

Equations of motion (EOM):

Integration by parts (IBP):

Fµ⌫ = �F⌫µ
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a.k.a. algebraic identities

i.e. field redefinitions

⇤� = �m2�+ · · ·

<latexit sha1_base64="Azeg2NA88FMAYcF7/RCY0u+CVzA=">AAACCHicbVDLSgMxFM3UV62vUZcuDBZBEMtMKdSNUOrGZQX7gM5YMplMG5pJhiQjltKlG3/FjQtF3PoJ7vwb03YWWj1w4eSce8m9J0gYVdpxvqzc0vLK6lp+vbCxubW9Y+/utZRIJSZNLJiQnQApwignTU01I51EEhQHjLSD4eXUb98RqajgN3qUED9GfU4jipE2Us8+9OriHnrJgMILeAbj2/L8cQo9HAqtenbRKTkzwL/EzUgRZGj07E8vFDiNCdeYIaW6rpNof4ykppiRScFLFUkQHqI+6RrKUUyUP54dMoHHRglhJKQpruFM/TkxRrFSozgwnTHSA7XoTcX/vG6qo3N/THmSasLx/KMoZVALOE0FhlQSrNnIEIQlNbtCPEASYW2yK5gQ3MWT/5JWueRWStXrSrFWz+LIgwNwBE6AC6qgBq5AAzQBBg/gCbyAV+vRerberPd5a87KZvbBL1gf3ze0l5U=</latexit>

i.e. momentum conservation

O1 = O2 + @µO
µ
3

<latexit sha1_base64="PL4hu8/vUhvq6dQwrSgvBbH7YiM=">AAACJ3icbVDLSsNAFJ3UV62vqEs3g0UQhJLUQt0oRTfurGAf0MQwmU7boTNJmJkIJfRv3PgrbgQV0aV/4qTNog8PDJw5517uvcePGJXKsn6M3Mrq2vpGfrOwtb2zu2fuHzRlGAtMGjhkoWj7SBJGA9JQVDHSjgRB3Gek5Q9vUr/1RISkYfCgRhFxOeoHtEcxUlryzCuHIzXAiCV3Y8+Gl3D2X4Zn0ImQUBQxz+HxnHn+qBXPLFolawK4TOyMFEGGume+O90Qx5wECjMkZce2IuUm6QzMyLjgxJJECA9Rn3Q0DRAn0k0md47hiVa6sBcK/QIFJ+psR4K4lCPu68p0UbnopeJ/XidWvQs3oUEUKxLg6aBezKAKYRoa7FJBsGIjTRAWVO8K8QAJhJWOtqBDsBdPXibNcsmulKr3lWLtOosjD47AMTgFNqiCGrgFddAAGDyDV/ABPo0X4834Mr6npTkj6zkEczB+/wChD6XV</latexit>

Important recent progress on these issues by Henning, Lu, Melia, Murayama ’17.
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Hilbert Series

G = Lorentz ⇥ gauge ⇥ global

<latexit sha1_base64="UgsvmDnn5kEzuR2Wz+f/Ba281p8=">AAACLXicbVDLSsNAFJ3UV62vqks3g0VwISWRQt0IRQVduKhgH9CEMplO0qGTTJiZCDXkh9z4KyK4qIhbf8NpmoW2PTBwOOdeztzjRoxKZZoTo7Cyura+UdwsbW3v7O6V9w/akscCkxbmjIuuiyRhNCQtRRUj3UgQFLiMdNzR9dTvPBEhKQ8f1TgiToD8kHoUI6WlfvnmFl7CxBYBvOeChOo5hfYZtBUNiJyyzPJR7JOlBuMuYmm/XDGrZga4SKycVECOZr/8bg84jgMdiBmSsmeZkXISJBTFjKQlO5YkQniEfNLTNEQ61Emya1N4opUB9LjQL1QwU/9uJCiQchy4ejJAaijnvam4zOvFyrtwEhpGsSIhngV5MYOKw2l1cEAFwYqNNUFYUP1XiIdIIKx0wSVdgjV/8iJpn1etWrX+UKs0rvI6iuAIHINTYIE6aIA70AQtgMELeAMT8Gm8Gh/Gl/E9Gy0Y+c4h+Afj5xekaqae</latexit>

SO(4)

<latexit sha1_base64="cOP7sUGGB0gELIAdxyS2yi3orf4=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSLUS9mVQj0WvXizotsW2qVk02wbmk2WJCuUpb/BiwdFvPqDvPlvTNs9aOuDgcd7M8zMCxPOtHHdb2dtfWNza7uwU9zd2z84LB0dt7RMFaE+kVyqTog15UxQ3zDDaSdRFMchp+1wfDPz209UaSbFo5kkNIjxULCIEWys5D/cVWoX/VLZrbpzoFXi5aQMOZr90ldvIEkaU2EIx1p3PTcxQYaVYYTTabGXappgMsZD2rVU4JjqIJsfO0XnVhmgSCpbwqC5+nsiw7HWkzi0nTE2I73szcT/vG5qoqsgYyJJDRVksShKOTISzT5HA6YoMXxiCSaK2VsRGWGFibH5FG0I3vLLq6R1WfVq1fp9rdy4zuMowCmcQQU8qEMDbqEJPhBg8Ayv8OYI58V5dz4WrWtOPnMCf+B8/gCJKI3d</latexit>

Euclidean

SU(3)C ⇥ SU(2)L ⇥ U(1)Y

<latexit sha1_base64="d8Qcj05NKy5h/BmZOXMB7ZunJ8g=">AAACDXicbVDLTgIxFO3gC/E16tJNI5rAhswgCS6JbFy4wOgABiaTTinQ0OlM2o4JmfADbvwVNy40xq17d/6NBcZEwZM0Ofece3N7jx8xKpVlfRmZldW19Y3sZm5re2d3z9w/aMowFpg4OGShaPtIEkY5cRRVjLQjQVDgM9LyR/Wp37onQtKQ36pxRNwADTjtU4yUljzz5MYpnBW9OuwqGhAJdVkuelc/pVOwi96dZ+atkjUDXCZ2SvIgRcMzP7u9EMcB4QozJGXHtiLlJkgoihmZ5LqxJBHCIzQgHU050rvcZHbNBJ5qpQf7odCPKzhTf08kKJByHPi6M0BqKBe9qfif14lV/9xNKI9iRTieL+rHDKoQTqOBPSoIVmysCcKC6r9CPEQCYaUDzOkQ7MWTl0mzXLIrpep1JV+7SOPIgiNwDArABlVQA5egARyAwQN4Ai/g1Xg0no03433emjHSmUPwB8bHN6m9mMw=</latexit>

if desired

built out of (extended) representations, single particle module, e.g.R� =

0

BBB@

�
@µ�

@{µ1
@µ2}�
...

1

CCCA

<latexit sha1_base64="e73ZnLVPKEllsfakY0QrsvNXPMI="></latexit>

(Henning, Lu, Melia, Murayama ’17)

H(D, {�i}) =

Z
dµLorentz(x)

Z
dµgauge(y)

1

P (D, x)

Y

i

PE


�i

D�i
�R�i

�
+�H

<latexit sha1_base64="ReCSswvgZz/wvenQ9J4x1GPkWq4="></latexit>

Counting independent operators, as invariants of group
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Hilbert Series

G = Lorentz ⇥ gauge ⇥ global

<latexit sha1_base64="UgsvmDnn5kEzuR2Wz+f/Ba281p8=">AAACLXicbVDLSsNAFJ3UV62vqks3g0VwISWRQt0IRQVduKhgH9CEMplO0qGTTJiZCDXkh9z4KyK4qIhbf8NpmoW2PTBwOOdeztzjRoxKZZoTo7Cyura+UdwsbW3v7O6V9w/akscCkxbmjIuuiyRhNCQtRRUj3UgQFLiMdNzR9dTvPBEhKQ8f1TgiToD8kHoUI6WlfvnmFl7CxBYBvOeChOo5hfYZtBUNiJyyzPJR7JOlBuMuYmm/XDGrZga4SKycVECOZr/8bg84jgMdiBmSsmeZkXISJBTFjKQlO5YkQniEfNLTNEQ61Emya1N4opUB9LjQL1QwU/9uJCiQchy4ejJAaijnvam4zOvFyrtwEhpGsSIhngV5MYOKw2l1cEAFwYqNNUFYUP1XiIdIIKx0wSVdgjV/8iJpn1etWrX+UKs0rvI6iuAIHINTYIE6aIA70AQtgMELeAMT8Gm8Gh/Gl/E9Gy0Y+c4h+Afj5xekaqae</latexit>

SO(4)

<latexit sha1_base64="cOP7sUGGB0gELIAdxyS2yi3orf4=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSLUS9mVQj0WvXizotsW2qVk02wbmk2WJCuUpb/BiwdFvPqDvPlvTNs9aOuDgcd7M8zMCxPOtHHdb2dtfWNza7uwU9zd2z84LB0dt7RMFaE+kVyqTog15UxQ3zDDaSdRFMchp+1wfDPz209UaSbFo5kkNIjxULCIEWys5D/cVWoX/VLZrbpzoFXi5aQMOZr90ldvIEkaU2EIx1p3PTcxQYaVYYTTabGXappgMsZD2rVU4JjqIJsfO0XnVhmgSCpbwqC5+nsiw7HWkzi0nTE2I73szcT/vG5qoqsgYyJJDRVksShKOTISzT5HA6YoMXxiCSaK2VsRGWGFibH5FG0I3vLLq6R1WfVq1fp9rdy4zuMowCmcQQU8qEMDbqEJPhBg8Ayv8OYI58V5dz4WrWtOPnMCf+B8/gCJKI3d</latexit>

Euclidean

SU(3)C ⇥ SU(2)L ⇥ U(1)Y

<latexit sha1_base64="d8Qcj05NKy5h/BmZOXMB7ZunJ8g=">AAACDXicbVDLTgIxFO3gC/E16tJNI5rAhswgCS6JbFy4wOgABiaTTinQ0OlM2o4JmfADbvwVNy40xq17d/6NBcZEwZM0Ofece3N7jx8xKpVlfRmZldW19Y3sZm5re2d3z9w/aMowFpg4OGShaPtIEkY5cRRVjLQjQVDgM9LyR/Wp37onQtKQ36pxRNwADTjtU4yUljzz5MYpnBW9OuwqGhAJdVkuelc/pVOwi96dZ+atkjUDXCZ2SvIgRcMzP7u9EMcB4QozJGXHtiLlJkgoihmZ5LqxJBHCIzQgHU050rvcZHbNBJ5qpQf7odCPKzhTf08kKJByHPi6M0BqKBe9qfif14lV/9xNKI9iRTieL+rHDKoQTqOBPSoIVmysCcKC6r9CPEQCYaUDzOkQ7MWTl0mzXLIrpep1JV+7SOPIgiNwDArABlVQA5egARyAwQN4Ai/g1Xg0no03433emjHSmUPwB8bHN6m9mMw=</latexit>

built out of (extended) representations, single particle module, e.g.R� =

0

BBB@

�
@µ�

@{µ1
@µ2}�
...

1

CCCA

<latexit sha1_base64="e73ZnLVPKEllsfakY0QrsvNXPMI="></latexit>

(Henning, Lu, Melia, Murayama ’17)

H(D, {�i}) =

Z
dµLorentz(x)

Z
dµgauge(y)

1

P (D, x)

Y

i

PE


�i

D�i
�R�i

�
+�H

<latexit sha1_base64="ReCSswvgZz/wvenQ9J4x1GPkWq4="></latexit>

derivative fields
(spurions)

group integration

momentum generating function

character

plethystic exponential

Counting independent operators, as invariants of group

if desired
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Hilbert Series

G = Lorentz ⇥ gauge ⇥ global

<latexit sha1_base64="UgsvmDnn5kEzuR2Wz+f/Ba281p8=">AAACLXicbVDLSsNAFJ3UV62vqks3g0VwISWRQt0IRQVduKhgH9CEMplO0qGTTJiZCDXkh9z4KyK4qIhbf8NpmoW2PTBwOOdeztzjRoxKZZoTo7Cyura+UdwsbW3v7O6V9w/akscCkxbmjIuuiyRhNCQtRRUj3UgQFLiMdNzR9dTvPBEhKQ8f1TgiToD8kHoUI6WlfvnmFl7CxBYBvOeChOo5hfYZtBUNiJyyzPJR7JOlBuMuYmm/XDGrZga4SKycVECOZr/8bg84jgMdiBmSsmeZkXISJBTFjKQlO5YkQniEfNLTNEQ61Emya1N4opUB9LjQL1QwU/9uJCiQchy4ejJAaijnvam4zOvFyrtwEhpGsSIhngV5MYOKw2l1cEAFwYqNNUFYUP1XiIdIIKx0wSVdgjV/8iJpn1etWrX+UKs0rvI6iuAIHINTYIE6aIA70AQtgMELeAMT8Gm8Gh/Gl/E9Gy0Y+c4h+Afj5xekaqae</latexit>

SO(4)

<latexit sha1_base64="cOP7sUGGB0gELIAdxyS2yi3orf4=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSLUS9mVQj0WvXizotsW2qVk02wbmk2WJCuUpb/BiwdFvPqDvPlvTNs9aOuDgcd7M8zMCxPOtHHdb2dtfWNza7uwU9zd2z84LB0dt7RMFaE+kVyqTog15UxQ3zDDaSdRFMchp+1wfDPz209UaSbFo5kkNIjxULCIEWys5D/cVWoX/VLZrbpzoFXi5aQMOZr90ldvIEkaU2EIx1p3PTcxQYaVYYTTabGXappgMsZD2rVU4JjqIJsfO0XnVhmgSCpbwqC5+nsiw7HWkzi0nTE2I73szcT/vG5qoqsgYyJJDRVksShKOTISzT5HA6YoMXxiCSaK2VsRGWGFibH5FG0I3vLLq6R1WfVq1fp9rdy4zuMowCmcQQU8qEMDbqEJPhBg8Ayv8OYI58V5dz4WrWtOPnMCf+B8/gCJKI3d</latexit>

Euclidean

SU(3)C ⇥ SU(2)L ⇥ U(1)Y

<latexit sha1_base64="d8Qcj05NKy5h/BmZOXMB7ZunJ8g=">AAACDXicbVDLTgIxFO3gC/E16tJNI5rAhswgCS6JbFy4wOgABiaTTinQ0OlM2o4JmfADbvwVNy40xq17d/6NBcZEwZM0Ofece3N7jx8xKpVlfRmZldW19Y3sZm5re2d3z9w/aMowFpg4OGShaPtIEkY5cRRVjLQjQVDgM9LyR/Wp37onQtKQ36pxRNwADTjtU4yUljzz5MYpnBW9OuwqGhAJdVkuelc/pVOwi96dZ+atkjUDXCZ2SvIgRcMzP7u9EMcB4QozJGXHtiLlJkgoihmZ5LqxJBHCIzQgHU050rvcZHbNBJ5qpQf7odCPKzhTf08kKJByHPi6M0BqKBe9qfif14lV/9xNKI9iRTieL+rHDKoQTqOBPSoIVmysCcKC6r9CPEQCYaUDzOkQ7MWTl0mzXLIrpep1JV+7SOPIgiNwDArABlVQA5egARyAwQN4Ai/g1Xg0no03433emjHSmUPwB8bHN6m9mMw=</latexit>

number of operators of each class

H(D, {�i}) =
X

r1,...,rn,k

cr1,...,rn,k �
r1
1 · · ·�rn

n D
k

<latexit sha1_base64="QXqSUZ1VlEzQNwhbAdwSksb9nO8="></latexit>

built out of (extended) representations, single particle module, e.g.R� =

0

BBB@

�
@µ�

@{µ1
@µ2}�
...

1

CCCA

<latexit sha1_base64="e73ZnLVPKEllsfakY0QrsvNXPMI="></latexit>

if desired

Counting independent operators, as invariants of group
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Group Characters

r ⌦ r ⌦ · · ·⌦ r

<latexit sha1_base64="EUSLigyV2KVnNB3Ve5Z5SzVAAjk=">AAACNXicbVBNS8NAEN3Ur1q/oh69LBbBg5RECvVY9OLBQwX7AU0pm+2mXbrJht2JUEL/lBf/hyc9eFDEq3/BTZuDtn0w8Hhvhpl5fiy4Bsd5swpr6xubW8Xt0s7u3v6BfXjU0jJRlDWpFFJ1fKKZ4BFrAgfBOrFiJPQFa/vjm8xvPzKluYweYBKzXkiGEQ84JWCkvn3nhQRGfpCqKfYusCeBh0zP6EoDe3QgQa9u7Ntlp+LMgJeJm5MyytHo2y/eQNIkZBFQQbTuuk4MvZQo4FSwaclLNIsJHZMh6xoaEbOyl86+nuIzowxwIJWpCPBM/TuRklDrSeibzuxCvehl4iqvm0Bw1Ut5FCfAIjpfFCQCg8RZhHjAFaMgJoYQqri5FdMRUYSCCbpkQnAXX14mrcuKW63U7qvl+nUeRxGdoFN0jlxUQ3V0ixqoiSh6Qq/oA31az9a79WV9z1sLVj5zjP7B+vkFIZerFQ==</latexit>

H(�2,�
†
2̄
) = 1 + �2�

†
2̄
+O(�2,�

†
2̄
)3

<latexit sha1_base64="Se9Ihv4JNv4zSUk9LiLCd9m41AE="></latexit>

PE[�2�2(y)] = 1 + �2(y)�2 + �3(y)�
2
2 +O(�3)

<latexit sha1_base64="RH2u/NaahkK12SXxmBbq2dDes6o="></latexit>

Characterize the representation r of a group G.

�r(g) = Trr(g) g 2 G

<latexit sha1_base64="+1muuym/mAQVGLeCVK0Y321vZPo=">AAACJnicbVDLSsNAFJ3UV62vqEs3g0Wom5JIoW4KRRe6rNAXNKFMppN26GQSZyZCCfkaN/6KGxcVEXd+ipM2C209cOFwzr3ce48XMSqVZX0ZhY3Nre2d4m5pb//g8Mg8PunKMBaYdHDIQtH3kCSMctJRVDHSjwRBgcdIz5veZn7viQhJQ95Ws4i4ARpz6lOMlJaGZsPBEzpMnACpiecnIk0r40vYgIkjAtgW6ZrlPMZoBMfQoRzeDc2yVbUWgOvEzkkZ5GgNzbkzCnEcEK4wQ1IObCtSboKEopiRtOTEkkQIT9GYDDTlKCDSTRZvpvBCKyPoh0IXV3Ch/p5IUCDlLPB0Z3azXPUy8T9vECv/2k0oj2JFOF4u8mMGVQizzOCICoIVm2mCsKD6VognSCCsdLIlHYK9+vI66V5V7Vq1/lArN2/yOIrgDJyDCrBBHTTBPWiBDsDgGbyCOXg3Xow348P4XLYWjHzmFPyB8f0DmS+lMw==</latexit>

�r(z) , z = {z1, . . . , zrank(G)}

<latexit sha1_base64="FWXJlgf7vJFF1L/9O+3HIhwf1Mo="></latexit>

Plethystic exponential performs symmetric tensor products at the character level.

PE[�r�r(z)] = exp

 1X

n=1

1

n
�n
r �r(z

n)

�

<latexit sha1_base64="qxHzcC5P4zVd4EewOIz5GUIKafI="></latexit>

H(�r, . . . ,'r0) =

Z
dµG(z) PE[�r�r(z)] · · ·PE['r0�r0(z)]

<latexit sha1_base64="Pz580UMm+U1g8JfgV9BBZcFwJvI="></latexit>

Group integral projects outs invariants.

SU(2) fundamental scalar: 
2 ⌦ 2 = 1A � 3S

<latexit sha1_base64="rQvp2wuD0k3NWkfCG5noILeJBvk=">AAACNXicbVDLSsNAFJ3UV62vqEs3g0VwISWphboRqm5cuKhoW6EpYTKdtEMnD2YmQgn5KTf+hytduFDErb/gJA1qWy8MnDnnXO69xwkZFdIwXrTCwuLS8kpxtbS2vrG5pW/vtEUQcUxaOGABv3OQIIz6pCWpZOQu5AR5DiMdZ3SR6p17wgUN/Fs5DknPQwOfuhQjqShbv7I8JIeOG1cTaB1BK5DUIyKDv8Lpz8dM7LOJL2TRlO04sW9svWxUjKzgPDBzUAZ5NW39yeoHOPKILzFDQnRNI5S9GHFJMSNJyYoECREeoQHpKugjtVsvzq5O4IFi+tANuHq+hBn7tyNGnhBjz1HOdEcxq6Xkf1o3ku5JL6Z+GEni48kgN2JQBjCNEPYpJ1iysQIIc6p2hXiIOMJSBV1SIZizJ8+DdrVi1ir161q5cZ7HUQR7YB8cAhPUQQNcgiZoAQwewDN4A+/ao/aqfWifE2tBy3t2wVRpX99P7Kn4</latexit>
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Single Particle Modules
When adding derivatives, we need to take care, besides Lorentz, of EOM and IBP.

⇤� = �m2�+ · · ·

<latexit sha1_base64="Azeg2NA88FMAYcF7/RCY0u+CVzA=">AAACCHicbVDLSgMxFM3UV62vUZcuDBZBEMtMKdSNUOrGZQX7gM5YMplMG5pJhiQjltKlG3/FjQtF3PoJ7vwb03YWWj1w4eSce8m9J0gYVdpxvqzc0vLK6lp+vbCxubW9Y+/utZRIJSZNLJiQnQApwignTU01I51EEhQHjLSD4eXUb98RqajgN3qUED9GfU4jipE2Us8+9OriHnrJgMILeAbj2/L8cQo9HAqtenbRKTkzwL/EzUgRZGj07E8vFDiNCdeYIaW6rpNof4ykppiRScFLFUkQHqI+6RrKUUyUP54dMoHHRglhJKQpruFM/TkxRrFSozgwnTHSA7XoTcX/vG6qo3N/THmSasLx/KMoZVALOE0FhlQSrNnIEIQlNbtCPEASYW2yK5gQ3MWT/5JWueRWStXrSrFWz+LIgwNwBE6AC6qgBq5AAzQBBg/gCbyAV+vRerberPd5a87KZvbBL1gf3ze0l5U=</latexit>

Scalar field EOM: 

contains only symmetrized, traceless derivatives.

Lorentz variables

Momentum generating functional generates tower of symmetrized derivatives,

H(D, {�i}) =

Z
dµLorentz(x)

Z
dµgauge(y)

1

P (D, x)

Y

i

PE


�i

D�i
�R�i

�
+�H

<latexit sha1_base64="ReCSswvgZz/wvenQ9J4x1GPkWq4="></latexit>

�R�(D, x) = D P (D, x)(1�D2)

<latexit sha1_base64="/tgjbMbVQg2WLSQ4Fz2XKqDdkCg="></latexit>

R� =

0

BBB@

�
@µ�

@{µ1
@µ2}�
...

1

CCCA

<latexit sha1_base64="e73ZnLVPKEllsfakY0QrsvNXPMI="></latexit>

and accounts for IBP redundancy.



Gravity
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Weyl Tensor
Riemann tensor contains gravitational degrees of freedom — Lorentz reducible.

Only the Weyl tensor, C, is non-vanishing on-shell, i.e. on the (vacuum) EOM.

Rµ⌫⇢� ⇠ (0,0)� (1,1)� (2,0)� (0,2)

<latexit sha1_base64="QblOThXYvAqd2mC3xIXDlNSvEEA="></latexit>

R

<latexit sha1_base64="Ly7srkSDbPRE1AHiAkl+xg16Nz0=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNCR6JXjyCkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj27nffkKleSwfzCRBP6JDyUPOqLFS475fLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU147U+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtK7KXqVcbVRKtZssjjycwTlcggdVqMEd1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AK/djOA=</latexit>

Rµ⌫ � 1
4Rgµ⌫

<latexit sha1_base64="kmS7cqBpw7s9X+AqGFL+PcacARU=">AAACEHicbVDLSsNAFJ34rPUVdelmsIhuLIkU6rLoxmUt9gFNCJPppB06mYSZiVBCPsGNv+LGhSJuXbrzb5ykWWjrgQuHc+7l3nv8mFGpLOvbWFldW9/YrGxVt3d29/bNg8OejBKBSRdHLBIDH0nCKCddRRUjg1gQFPqM9P3pTe73H4iQNOL3ahYTN0RjTgOKkdKSZ551vNQJE4cnGbyAjgoEwqmdpY0MduC48GBuembNqlsF4DKxS1IDJdqe+eWMIpyEhCvMkJRD24qVmyKhKGYkqzqJJDHCUzQmQ005Col00+KhDJ5qZQSDSOjiChbq74kUhVLOQl93hkhN5KKXi/95w0QFV25KeZwowvF8UZAwqCKYpwNHVBCs2EwThAXVt0I8QToTpTOs6hDsxZeXSe+ybjfqzbtGrXVdxlEBx+AEnAMbNEEL3II26AIMHsEzeAVvxpPxYrwbH/PWFaOcOQJ/YHz+ANh4nHw=</latexit>

Cµ⌫⇢� ⌘ Rµ⌫⇢� �
�
gµ[⇢R�]⌫ � g⌫[⇢R�]µ

�
+ 1

3gµ[⇢g�]⌫R

<latexit sha1_base64="b67FqOTP9I1zBRd0u4LsAQthvQQ="></latexit>

Cµ⌫⇢�
L/R = 1

2 (C
µ⌫⇢� ± i C̃µ⌫⇢�)

<latexit sha1_base64="ccVoxGm5wF4+5QQyn1HgU1ADJM4="></latexit>

SEH = 1

2
M2

Pl

Z
d4x

p
�g R

<latexit sha1_base64="LejMHRofHo9M7a98AqwCwRhgCEQ="></latexit>

Rµ⌫ = 1
M2

Pl

�
Tµ⌫ � 1

2Tgµ⌫
�

<latexit sha1_base64="dmIJh68hyfvS/zA1puauOKZeJh4="></latexit>

Operators w/ Ricci tensor and Ricci scalar can be redefined as pure matter operators.

R = gµ⌫Rµ⌫

<latexit sha1_base64="E+uwsULhBnVWZtRzMeIAWFjtb94=">AAACAXicbZDLSsNAFIYnXmu9Rd0IbgaL4KokUqgboejGZS32Ak0Mk+mkHTqZhLkIJdSNr+LGhSJufQt3vo3TNoK2/jDw8Z9zOHP+MGVUKsf5spaWV1bX1gsbxc2t7Z1de2+/JRMtMGnihCWiEyJJGOWkqahipJMKguKQkXY4vJrU2/dESJrwWzVKiR+jPqcRxUgZK7APGxewf5d5sfa4HsNG8IOBXXLKzlRwEdwcSiBXPbA/vV6CdUy4wgxJ2XWdVPkZEopiRsZFT0uSIjxEfdI1yFFMpJ9NLxjDE+P0YJQI87iCU/f3RIZiKUdxaDpjpAZyvjYx/6t1tYrO/YzyVCvC8WxRpBlUCZzEAXtUEKzYyADCgpq/QjxAAmFlQiuaENz5kxehdVZ2K+XqTaVUu8zjKIAjcAxOgQuqoAauQR00AQYP4Am8gFfr0Xq23qz3WeuSlc8cgD+yPr4BTkKW1A==</latexit>



15

Gravity’s Single Particle Module and Character

RC =

0

BBB@

Cµ⌫⇢�

r{µ1
Cµ}⌫⇢�

r{µ1
rµ2Cµ}⌫⇢�

...

1

CCCA

<latexit sha1_base64="eVmfjA4EivLxbxWUXPafXBLVqrk="></latexit>

Bianchi identities imply Weyl tensor EOM and redundancy of Laplacian — in vacuum:

r2Cµ⌫⇢� = �2C�
µ⇢↵C�⌫�

↵ � 2C�
⌫⇢↵Cµ��

↵ � C�
↵⇢�Cµ⌫�

↵

<latexit sha1_base64="uNaCyT5MhMEKb+W9BICHMzKo3h4="></latexit>

rµCµ⌫⇢� = 0

<latexit sha1_base64="KhT1SdPjbX9IalCTJNthViRQsE0=">AAACC3icbVDLSgMxFM3UV62vqks3oUVwVWZEqBuh2I3LCvYBnXG4k6ZtaJIZkoxQhu7d+CtuXCji1h9w59+YPhbaeuByD+fcS3JPlHCmjet+O7m19Y3Nrfx2YWd3b/+geHjU0nGqCG2SmMeqE4GmnEnaNMxw2kkUBRFx2o5G9anffqBKs1jemXFCAwEDyfqMgLFSWCz5EiIO975IcT3MbPNl6qth7Gs2EDC5wm5YLLsVdwa8SrwFKaMFGmHxy+/FJBVUGsJB667nJibIQBlGOJ0U/FTTBMgIBrRrqQRBdZDNbpngU6v0cD9WtqTBM/X3RgZC67GI7KQAM9TL3lT8z+umpn8ZZEwmqaGSzB/qpxybGE+DwT2mKDF8bAkQxexfMRmCAmJsfAUbgrd88ippnVe8i0r19qJcu17EkUcnqITOkIeqqIZuUAM1EUGP6Bm9ojfnyXlx3p2P+WjOWewcoz9wPn8Asdma1Q==</latexit>

[rµ,r⌫ ]V
⇢ = Rµ⌫�

⇢V �

<latexit sha1_base64="kxbdVKeHhQ99ai8P6HloURXFKQs=">AAACK3icbVDLSgMxFM34rPVVdekmWAQXUmakoBtB6sZlFdsKM+NwJ03bYJIZkoxQhv6PG3/FhS584Nb/MJ1W8HUgcDjnXG7uiVPOtHHdV2dmdm5+YbG0VF5eWV1br2xstnWSKUJbJOGJuopBU84kbRlmOL1KFQURc9qJb07HfueWKs0SeWmGKQ0F9CXrMQLGSlGl4QcSYg5RIDK8/8VlFuL2daAGCT7GF1FuTasFmvUFjIL9iWMDhRBVqm7NLYD/Em9KqmiKZlR5DLoJyQSVhnDQ2vfc1IQ5KMMIp6NykGmaArmBPvUtlSCoDvPi1hHetUoX9xJlnzS4UL9P5CC0HorYJgWYgf7tjcX/PD8zvaMwZzLNDJVksqiXcWwSPC4Od5mixPChJUAUs3/FZAAKiLH1lm0J3u+T/5L2Qc2r1w7P69WTxrSOEtpGO2gPeegQnaAz1EQtRNAdekDP6MW5d56cN+d9Ep1xpjNb6Aecj0/9MqeR</latexit>

antisymmetric covariant derivatives

�RCL
(D, x) = D2 P (D, x)

�
�(2,0)(x)� �(3/2,1/2)(x)D + �(1,0)(x)D2

�

<latexit sha1_base64="nedJfgtzvxwLvdF8TTdwCJ3vEVw="></latexit>

Lorentz SO(4) group characters
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Pure Gravity

L10 =
e1
⇤6

IC +
e2
⇤6

ĨC +
e3
⇤6

IC̃ +
e4
⇤6

ĨC̃ +
e5
⇤6

FC +
e6
⇤6

FC̃ +
e7
⇤6

F̃ C̃

<latexit sha1_base64="N40jfRZ3L4UUuvS3ORrIp41ryJk="></latexit>

(Endlich, Gorbenko, Huang, Senatore ’17)

L6 + L8 =
c1
⇤2

I +
c2
⇤2

Ĩ +
d1
⇤4

C2 +
d2
⇤4

CC̃ +
d3
⇤4

C̃2

<latexit sha1_base64="ID3xhY7oOPHs99RotZDnsOxu15E="></latexit>

H(CL, CR) =
1

(1� C2
L)(1� C2

R)(1� C3
L)(1� C3

R)

<latexit sha1_base64="U6xCf3U2HCoA2VZT66pcW6gxQEU="></latexit>

(Ruhdorfer, JS, Weiler ’19)

I = Cµ⌫
⇢�Cµ⌫↵�C↵�⇢� , Ĩ = Cµ⌫

⇢�Cµ⌫↵�C̃↵�⇢� , C = Cµ⌫⇢�C
µ⌫⇢� , C̃ = Cµ⌫⇢�C̃

µ⌫⇢�

<latexit sha1_base64="BSBQn9fl+p70abJ/Rx6OGgjuD3M="></latexit>

completely fix spacetime curvature in d = 4 and operator basis w/o derivatives. I, Ĩ, C, C̃

<latexit sha1_base64="r+n7JtWSaWEI1oUyARVXWve4dMA=">AAACM3icbVDLSsNAFJ3UV62vqEs3g0VwISWRQl0Wu1FXFewDmlAmk0k7dPJgZiKUkH9y44+4EMSFIm79BydpkNr2MANnzj2Xufc4EaNCGsabVlpb39jcKm9Xdnb39g/0w6OuCGOOSQeHLOR9BwnCaEA6kkpG+hEnyHcY6TmTVlbvPRIuaBg8yGlEbB+NAupRjKSShvqd5SM5xoglt+kFtNSRlLkkmZNz/e/dWm1rpelQrxo1IwdcJmZBqqBAe6i/WG6IY58EEjMkxMA0ImkniEuKGUkrVixIhPAEjchA0QD5RNhJvnMKz5TiQi/k6gYS5up8R4J8Iaa+o5zZjGKxlomraoNYeld2QoMoliTAs4+8mEEZwixA6FJOsGRTRRDmVM0K8RhxhKWKuaJCMBdXXibdy5pZrzXu69XmdRFHGZyAU3AOTNAATXAD2qADMHgCr+ADfGrP2rv2pX3PrCWt6DkG/6D9/AKaaarx</latexit>

F = (r↵Cµ⌫⇢�)(r↵Cµ⌫⇢�) , F̃ = (r↵Cµ⌫⇢�)(r↵C̃µ⌫⇢�)

<latexit sha1_base64="FFOzU7AjzagWgmGnPw4mdOUMQeE="></latexit>

Comments
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Pure Gravity

Operator basis + Naive Dimensional Analysis implies pure gravity is 1-loop finite.

Renormalization group evolution at 2 loops:

µ
@c1
@µ

=
1

120

⇤2

M2
Pl

1

(4⇡)4

<latexit sha1_base64="CnKgTeKainutZrSOl3IOOgH0gxY="></latexit>

L10 =
e1
⇤6

IC +
e2
⇤6

ĨC +
e3
⇤6

IC̃ +
e4
⇤6

ĨC̃ +
e5
⇤6

FC +
e6
⇤6

FC̃ +
e7
⇤6

F̃ C̃

<latexit sha1_base64="N40jfRZ3L4UUuvS3ORrIp41ryJk="></latexit>

(Endlich, Gorbenko, Huang, Senatore ’17)

L6 + L8 =
c1
⇤2

I +
c2
⇤2

Ĩ +
d1
⇤4

C2 +
d2
⇤4

CC̃ +
d3
⇤4

C̃2

<latexit sha1_base64="ID3xhY7oOPHs99RotZDnsOxu15E="></latexit>

(Ruhdorfer, JS, Weiler ’19)

Comments

(Goroff, Sagnotti  ’86)

I = Cµ⌫
⇢�Cµ⌫↵�C↵�⇢� , Ĩ = Cµ⌫

⇢�Cµ⌫↵�C̃↵�⇢� , C = Cµ⌫⇢�C
µ⌫⇢� , C̃ = Cµ⌫⇢�C̃

µ⌫⇢�

<latexit sha1_base64="BSBQn9fl+p70abJ/Rx6OGgjuD3M="></latexit>

F = (r↵Cµ⌫⇢�)(r↵Cµ⌫⇢�) , F̃ = (r↵Cµ⌫⇢�)(r↵C̃µ⌫⇢�)

<latexit sha1_base64="FFOzU7AjzagWgmGnPw4mdOUMQeE="></latexit>
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Pure Gravity

L10 =
e1
⇤6

IC +
e2
⇤6

ĨC +
e3
⇤6

IC̃ +
e4
⇤6

ĨC̃ +
e5
⇤6

FC +
e6
⇤6

FC̃ +
e7
⇤6

F̃ C̃

<latexit sha1_base64="N40jfRZ3L4UUuvS3ORrIp41ryJk="></latexit>

(Endlich, Gorbenko, Huang, Senatore ’17)

L6 + L8 =
c1
⇤2

I +
c2
⇤2

Ĩ +
d1
⇤4

C2 +
d2
⇤4

CC̃ +
d3
⇤4

C̃2

<latexit sha1_base64="ID3xhY7oOPHs99RotZDnsOxu15E="></latexit>

(Ruhdorfer, JS, Weiler ’19)

Comments

Operators are subject to theoretical constraints from unitarity, locality, causality.

d1, d3 > 0 , d2 . d1d3 , c1,2 . 1

<latexit sha1_base64="iR+uTYG7vF99bVn2CJG02oVzDqI="></latexit>

(Gruzinov, Kleban ’07
Bellazzini et al. ’16
Endlich et al. ’17

Camanho et al. ’14)

I = Cµ⌫
⇢�Cµ⌫↵�C↵�⇢� , Ĩ = Cµ⌫

⇢�Cµ⌫↵�C̃↵�⇢� , C = Cµ⌫⇢�C
µ⌫⇢� , C̃ = Cµ⌫⇢�C̃

µ⌫⇢�

<latexit sha1_base64="BSBQn9fl+p70abJ/Rx6OGgjuD3M="></latexit>

F = (r↵Cµ⌫⇢�)(r↵Cµ⌫⇢�) , F̃ = (r↵Cµ⌫⇢�)(r↵C̃µ⌫⇢�)

<latexit sha1_base64="FFOzU7AjzagWgmGnPw4mdOUMQeE="></latexit>
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U(1) Nambu-Goldstone Boson

First-time basis (i.e. non-redundant operators) at dim-6:

LCP�even
6 =

c1
⇤2

⇥
(rµ�)

2
⇤3

+
c2
⇤2

(rµ�)
2(r⇢r��)

2 +
c3
⇤2

Cµ⌫
⇢�Cµ⌫↵�C↵�⇢�

+
c4
⇤2

(C↵�⇢�)
2(rµ�)

2 +
c5
⇤2

Cµ⌫⇢�(rµ�)(r⇢�)(r⌫r��)

<latexit sha1_base64="5e/6Qnn5clLLg52XIXb9YfZRiOE="></latexit>

Hilbert series (i.e. operator counting) at dim-8:

(Ruhdorfer, JS, Weiler ’19)

H8 =C4
L + C2

LC
2
R + C4

R + d�8 + 2d�6
D

2 + d�5
D

3 + d�4
D

4 + d�5
DCL + d�5

DCR

+ d�4CLCR + d�4
D

2CL + d�4C2
L + d�4

D
2CR + d�4C2

R + 2d�3
DC2

L

+ 2d�3
DC2

R + d�2
D

2CLCR + 2d�2
D

2C2
L + d�2C3

L + 2d�2
D

2C2
R + d�2C3

R

<latexit sha1_base64="KO+FZjlZKZqVVaGzpH+x/eixJaw="></latexit>

Comments

(shift-symmetric) Topological terms are missed by the Hilbert series.

�Cµ⌫⇢�C
µ⌫⇢� , �Cµ⌫⇢�C̃

µ⌫⇢�

<latexit sha1_base64="YAIohgQUCSo9dhEbRbkMXxEdNR0=">AAACWHicdVFLSwMxGMyuj9b6qnr0EiyCh1J2pVCP4l48VrCt0NSSzaZtMI81D6Es/ZOCB/0rXkxrD1rrQGCY+SaPSZpzZmwUvQfhxubWdqm8U9nd2z84rB4dd41ymtAOUVzphxQbypmkHcsspw+5pliknPbSp2Tu916oNkzJezvN6UDgsWQjRrD10rCqUD5hMBkWSDgkHdIThQwbCzyDyeMaEdXrED07nMH/g8gyntEima3ZYFitRY1oAfiXxEtSA0u0h9VXlCniBJWWcGxMP45yOyiwtoxwOqsgZ2iOyRMe076nEgtqBsWimBk890oGR0r7JS1cqD8TBRbGTEXqJwW2E7PqzcV1Xt/Z0dWgYDJ3lkryfdDIcWgVnLcMM6YpsXzqCSaa+btCMsEaE+v/ouJLiFef/Jd0Lxtxs9G6a9aub5Z1lMEpOAMXIAYtcA1uQRt0AAFv4DPYDLaCjxCEpXDnezQMlpkT8Avh8RcRtbXu</latexit>

(Henning, Lu, Melia, Murayama ’17)
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GRSMEFT
The most general non-redundant set of deformations of the leading GR + SM dynamics.

with y = {v, w, z1, z2} being the variables that parameterize the SU(3)C ×SU(2)W ×U(1)Y

gauge group. The characters χa for the single particle modules of the spurions are a compo-

sition of the characters for the conformal and gauge group representation R of the spurions,

χa(D; x, y) = χ[∆a,la](D; x) · χU(1)Y
Ra

(v) · χSU(2)W
Ra

(w) · χSU(3)C
Ra

(z1, z2) . (64)

The explicit form of the group measures and characters is given in appendix A. Note that

in order to fully describe the flavor structure of the SM we would have to work with three

independent instances of each fermion to implement the three fermion generations. This

would increase the number of terms in the generating function at each order exponentially.

However, we can still get some information about the number of invariants with Nf flavors

by simply suppressing the flavor indices and adding the same fermion spurion Nf times,

i.e. we can write the complete PE as

PE

[{

φa

D∆a

}]

=
∏

b

PE

[{

φb

D∆b

}]

∏

f

PEF

[{

φf

D∆f

}]Nf

, (65)

where the index b runs over all bosons and f over all fermions. Next we expand the Hilbert

series according to the mass dimension of the operators. We will neglect all pure SM con-

tributions to the Hilbert series, which are given in [1]. The first gravity operators appear at

dimension 6, the Hilbert series being

H6 = C3
L+C3

R+B2
LCL+B2

RCR+HC2
LH

†+HC2
RH

†+CLG
2
L+CRG

2
R+CLW

2
L+CRW

2
R . (66)

This includes the pure gravity contributions discussed in section IVA plus mixed SM-gravity

terms. Note that at this mass dimension, the latter operators only contain SM bosons. An

explicit operator basis is given by

L6 =
c1
Λ2

Cµν
ρσCµναβCαβρσ +

c̃1
Λ2

Cµν
ρσCµναβC̃αβρσ

+
c2
Λ2

H†HCµνρσC
µνρσ +

c̃2
Λ2

H†HCµνρσC̃
µνρσ

+
c3
Λ2

BµνBρσCµνρσ +
c̃3
Λ2

BµνBρσC̃µνρσ +
c4
Λ2

GµνGρσCµνρσ +
c̃4
Λ2

GµνGρσC̃µνρσ

+
c5
Λ2

W µνW ρσCµνρσ +
c̃5
Λ2

W µνW ρσC̃µνρσ . (67)

There are no new gravity operators at mass dimension 7. However, there is a multitude of

terms in the Hilbert series at mass dimension 8. This is the first order where operators with

25

(Ruhdorfer, JS, Weiler ’19)
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GRSMEFT
The most general non-redundant set of deformations of the leading GR + SM dynamics.

with y = {v, w, z1, z2} being the variables that parameterize the SU(3)C ×SU(2)W ×U(1)Y

gauge group. The characters χa for the single particle modules of the spurions are a compo-

sition of the characters for the conformal and gauge group representation R of the spurions,

χa(D; x, y) = χ[∆a,la](D; x) · χU(1)Y
Ra

(v) · χSU(2)W
Ra

(w) · χSU(3)C
Ra

(z1, z2) . (64)

The explicit form of the group measures and characters is given in appendix A. Note that

in order to fully describe the flavor structure of the SM we would have to work with three

independent instances of each fermion to implement the three fermion generations. This

would increase the number of terms in the generating function at each order exponentially.

However, we can still get some information about the number of invariants with Nf flavors

by simply suppressing the flavor indices and adding the same fermion spurion Nf times,

i.e. we can write the complete PE as

PE

[{

φa

D∆a

}]

=
∏

b

PE

[{

φb

D∆b

}]

∏

f

PEF

[{

φf

D∆f

}]Nf

, (65)

where the index b runs over all bosons and f over all fermions. Next we expand the Hilbert

series according to the mass dimension of the operators. We will neglect all pure SM con-

tributions to the Hilbert series, which are given in [1]. The first gravity operators appear at

dimension 6, the Hilbert series being

H6 = C3
L+C3

R+B2
LCL+B2

RCR+HC2
LH

†+HC2
RH

†+CLG
2
L+CRG

2
R+CLW

2
L+CRW

2
R . (66)

This includes the pure gravity contributions discussed in section IVA plus mixed SM-gravity

terms. Note that at this mass dimension, the latter operators only contain SM bosons. An

explicit operator basis is given by

L6 =
c1
Λ2

Cµν
ρσCµναβCαβρσ +

c̃1
Λ2

Cµν
ρσCµναβC̃αβρσ

+
c2
Λ2

H†HCµνρσC
µνρσ +

c̃2
Λ2

H†HCµνρσC̃
µνρσ

+
c3
Λ2

BµνBρσCµνρσ +
c̃3
Λ2

BµνBρσC̃µνρσ +
c4
Λ2

GµνGρσCµνρσ +
c̃4
Λ2

GµνGρσC̃µνρσ

+
c5
Λ2

W µνW ρσCµνρσ +
c̃5
Λ2

W µνW ρσC̃µνρσ . (67)

There are no new gravity operators at mass dimension 7. However, there is a multitude of

terms in the Hilbert series at mass dimension 8. This is the first order where operators with
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Comments

�
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

All these operators give rise to anomalous 3-point vertices.
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GRSMEFT
The most general non-redundant set of deformations of the leading GR + SM dynamics.

with y = {v, w, z1, z2} being the variables that parameterize the SU(3)C ×SU(2)W ×U(1)Y

gauge group. The characters χa for the single particle modules of the spurions are a compo-

sition of the characters for the conformal and gauge group representation R of the spurions,

χa(D; x, y) = χ[∆a,la](D; x) · χU(1)Y
Ra

(v) · χSU(2)W
Ra

(w) · χSU(3)C
Ra

(z1, z2) . (64)

The explicit form of the group measures and characters is given in appendix A. Note that

in order to fully describe the flavor structure of the SM we would have to work with three

independent instances of each fermion to implement the three fermion generations. This

would increase the number of terms in the generating function at each order exponentially.

However, we can still get some information about the number of invariants with Nf flavors

by simply suppressing the flavor indices and adding the same fermion spurion Nf times,

i.e. we can write the complete PE as

PE

[{

φa

D∆a

}]

=
∏

b

PE

[{

φb

D∆b

}]

∏

f

PEF

[{

φf

D∆f

}]Nf

, (65)

where the index b runs over all bosons and f over all fermions. Next we expand the Hilbert

series according to the mass dimension of the operators. We will neglect all pure SM con-

tributions to the Hilbert series, which are given in [1]. The first gravity operators appear at

dimension 6, the Hilbert series being

H6 = C3
L+C3

R+B2
LCL+B2

RCR+HC2
LH

†+HC2
RH

†+CLG
2
L+CRG

2
R+CLW

2
L+CRW

2
R . (66)

This includes the pure gravity contributions discussed in section IVA plus mixed SM-gravity

terms. Note that at this mass dimension, the latter operators only contain SM bosons. An

explicit operator basis is given by

L6 =
c1
Λ2

Cµν
ρσCµναβCαβρσ +

c̃1
Λ2

Cµν
ρσCµναβC̃αβρσ

+
c2
Λ2

H†HCµνρσC
µνρσ +

c̃2
Λ2

H†HCµνρσC̃
µνρσ

+
c3
Λ2

BµνBρσCµνρσ +
c̃3
Λ2

BµνBρσC̃µνρσ +
c4
Λ2

GµνGρσCµνρσ +
c̃4
Λ2

GµνGρσC̃µνρσ

+
c5
Λ2

W µνW ρσCµνρσ +
c̃5
Λ2

W µνW ρσC̃µνρσ . (67)

There are no new gravity operators at mass dimension 7. However, there is a multitude of

terms in the Hilbert series at mass dimension 8. This is the first order where operators with

25

Comments

Similar operators relevant for the weak gravity conjecture, 
subject to constraints from unitarity, locality, causality.

(e.g. Arkani-Hamed et al. ’06
Endlich et al. ’17

Bellazzini, Lewandowski, JS ’19)

Some results are known on (non-)renormalization group evolution.
(Deser et al. ’75, ‘81)
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Basis of dim-8 operators also counted and constructed.

Structure Nf Nf = 1 Nf = 3 Representative Operator

C4 3 3 3 (Cµ⌫⇢�Cµ⌫⇢�)2

C3H2 2 2 2 H†H(Cµ⌫
⇢�Cµ⌫↵�C↵�⇢�)

C2H4 2 2 2 (H†H)2(Cµ⌫⇢�Cµ⌫⇢�)

C2X2 18 18 18 Bµ⌫B⇢�Cµ⌫↵�C↵�⇢�

CH2X2 8 8 8 H†H(Cµ⌫⇢�W a
µ⌫W

a
⇢�)

CX3 4 4 4 Cµ⌫⇢�W a
µ⌫W

a
⇢↵B

↵
�

C2H 2 12N2

f 12 108 Q̄LHdR(Cµ⌫⇢�Cµ⌫⇢�)

CHX 2 16N2

f 16 144 Cµ⌫⇢�(Q̄L�µ⌫dR)⌧aHW a, ⇢�

C 4
N2

f

3
(17N2

f + 3Nf � 2) 6 480 ✏jkCµ⌫⇢�(Q̄
j
L�

µ⌫uR)(L̄k
L�

⇢�eR)

CX 2D 20N2

f 20 180 Cµ⌫⇢�(Q̄L�µ⌧ar⌫QL)W a, ⇢�

C2H2D2 2 2 2 (rµH)†(rµH)(Cµ⌫⇢�Cµ⌫⇢�)

CH2XD2 4 4 4 Cµ⌫⇢�(rµH)†⌧a(r⌫H)W a, ⇢�

CH 2D2 6N2

f 6 54 Cµ⌫⇢�(Q̄L�µ⌫r⇢dR)r�H

Total 43 +
N2

f

3
(17N2

f + 3Nf + 160) 103 1009

TABLE II. Classification of dimension-8 operators containing gravity interactions. C denotes the

Weyl tensor, whereas H,  , X and D stand for the Higgs, fermions, gauge fields and derivatives

respectively. We show the number of operators in each class for Nf fermion flavors and give one

exemplary operator for each class.

A classification of the dimension 8 operators of our basis is given in Table II, while an explicit

form for all 103 of them for Nf = 1 can be found in Tables III and IV of appendix D.15

A. Comments on the GRSMEFT operator basis

Let us comment on some interesting aspects of the GRSMEFT operator basis.

Matching what can be derived based on little group covariance and locality of on-

shell massless 3-particle amplitudes (see e.g. [53]), we find in our basis the corresponding

15 As a curiosity, we find a single dimension-8 operator, OuedC in Table IV, that violates baryon and lepton

numbers, by �B = �L = 1.

27
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Weyl tensor, whereas H,  , X and D stand for the Higgs, fermions, gauge fields and derivatives

respectively. We show the number of operators in each class for Nf fermion flavors and give one

exemplary operator for each class.

A classification of the dimension 8 operators of our basis is given in Table II, while an explicit

form for all 103 of them for Nf = 1 can be found in Tables III and IV of appendix D.15

A. Comments on the GRSMEFT operator basis

Let us comment on some interesting aspects of the GRSMEFT operator basis.

Matching what can be derived based on little group covariance and locality of on-

shell massless 3-particle amplitudes (see e.g. [53]), we find in our basis the corresponding

15 As a curiosity, we find a single dimension-8 operator, OuedC in Table IV, that violates baryon and lepton

numbers, by �B = �L = 1.
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(e.g. Falkowski ’19)

Basis of dim-8 operators also counted and constructed.
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Generically, experiments will be sensitive to low Λ scales (for high energy standards).

Gravitational waves: from BH mergers
(Endlich, Gorbenko, Huang, Senatore ’17)
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<latexit sha1_base64="K3dCghoH6KEJdncAnV4jDMzKVqs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORqUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp619Va87pSv83jKMIZnMMleFCDOtxDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MHz7GM9Q==</latexit>

⇤ & 1

RSch
⇠ 1

100 km

<latexit sha1_base64="XTy6KYw9zblwtnxJqrNvyrFMmSM="></latexit>
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Need systems with large curvatures. 

1

⇤4
(Cµ⌫⇢�C

µ⌫⇢�)2

<latexit sha1_base64="LXeGMmRr8RTXLQ/tH2JmEqZo44o=">AAACKnicbVDLTgIxFO3gC/GFunTTSExwQ2YICS5RNi5cYCJIwgyTTulAQ9uZtB0TMpnvceOvuGGhIW79EMtjoeBJmpycc09u7wliRpW27ZmV29re2d3L7xcODo+OT4qnZx0VJRKTNo5YJLsBUoRRQdqaaka6sSSIB4w8B+Pm3H9+IVLRSDzpSUw8joaChhQjbSS/eOuGEuHUyVL3waQGqF/LYLnppy5PXJG4chS5ig45ymCzvyle96t+sWRX7AXgJnFWpARWaPnFqTuIcMKJ0JghpXqOHWsvRVJTzEhWcBNFYoTHaEh6hgrEifLSxakZvDLKAIaRNE9ouFB/J1LElZrwwExypEdq3ZuL/3m9RIc3XkpFnGgi8HJRmDCoIzjvDQ6oJFiziSEIS2r+CvEIme60abdgSnDWT94knWrFqVXqj7VS425VRx5cgEtQBg6ogwa4By3QBhi8gnfwAT6tN2tqzayv5WjOWmXOwR9Y3z+L4af5</latexit>

Need to fight the MPl suppression associated with (on-shell) graviton emission.



Figu
re

1:

1
A

1

GRSMEFT Probes
Need to fight the MPl suppression associated with (on-shell) graviton emission.

g/MPl

<latexit sha1_base64="z/YxlqCwWmKi1LfKtI6Fm9PtZxI=">AAAB83icbVBNSwMxEJ2tX7V+tOrRS7AInuquFOqx6MWLUMF+QHcp2TTbhibZJckKZenf8OJBEa/+GW/+G9N2D9r6YODx3gwz88KEM21c99spbGxube8Ud0t7+weH5crRcUfHqSK0TWIeq16INeVM0rZhhtNeoigWIafdcHI797tPVGkWy0czTWgg8EiyiBFsrOSPLu8Hma8EavHZoFJ1a+4CaJ14OalCjtag8uUPY5IKKg3hWOu+5yYmyLAyjHA6K/mppgkmEzyifUslFlQH2eLmGTq3yhBFsbIlDVqovycyLLSeitB2CmzGetWbi/95/dRE10HGZJIaKslyUZRyZGI0DwANmaLE8KklmChmb0VkjBUmxsZUsiF4qy+vk85VzavXGg/1avMmj6MIp3AGF+BBA5pwBy1oA4EEnuEV3pzUeXHenY9la8HJZ07gD5zPH2vakU0=</latexit>

Generically, experiments will be sensitive to low Λ scales (for high energy standards).

Proton decay:
cB/
⇤4

(dRC�µ⌫uR)(uRC�⇢�eR)C
µ⌫⇢�

<latexit sha1_base64="7SUPi5ywQC52pzCuoca44pTi+tU="></latexit>

F
ig
ur

e
1:

1

A

1

p

<latexit sha1_base64="Tbe1MRtsNLR8GudB5aHgeCdQvWI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WrXWrFXqt3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB3F+M+w==</latexit>

e+

<latexit sha1_base64="ATwppHokSVdUG9UblOQf70qnhV8=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQkmkoMeiF48V7Qe0sWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+Oyura+sbm4Wt4vbO7t5+6eCwqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1FjpHh/Pe6WyW3FnIMvEy0kZctR7pa9uP2ZphNIwQbXueG5i/Iwqw5nASbGbakwoG9EBdiyVNELtZ7NTJ+TUKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadog3BW3x5mTQvKl61Ur2rlmvXeRwFOIYTOAMPLqEGt1CHBjAYwDO8wpsjnBfn3fmYt644+cwR/IHz+QPmWI2N</latexit>

⇡0

<latexit sha1_base64="5SsAD4E29pGH3cir9PRpN8V2DYA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSS30/FwB1Ua27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3WvUW88NGrN2yKOMpzBOVyCB9fQhHtogQ8MBDzDK7w5ynlx3p2PZWvJKWZO4Q+czx93aY53</latexit>

⌧ & 1034 yr

<latexit sha1_base64="BIyrxFi6JIc3DiS8nM+3WqqRykw=">AAACCXicbVDLSsNAFJ34rPUVdelmsAgupCQa0GXRjcsK9gFNLJPppB06k4SZGyGEbt34K25cKOLWP3Dn3zh9LLT1wMDhnHO5c0+YCq7Bcb6tpeWV1bX10kZ5c2t7Z9fe22/qJFOUNWgiEtUOiWaCx6wBHARrp4oRGQrWCofXY7/1wJTmSXwHecoCSfoxjzglYKSujX0gGfb7YCISu859ce6NsH+KC19JnKtR1644VWcCvEjcGamgGepd+8vvJTSTLAYqiNYd10khKIgCTgUblf1Ms5TQIemzjqExkUwHxeSSET42Sg9HiTIvBjxRf08URGqdy9AkJYGBnvfG4n9eJ4PoMih4nGbAYjpdFGUCQ4LHteAeV4yCyA0hVHHzV0wHRBEKpryyKcGdP3mRNM+qrlf1br1K7WpWRwkdoiN0glx0gWroBtVRA1H0iJ7RK3qznqwX6936mEaXrNnMAfoD6/MHemSY7g==</latexit>

g

<latexit sha1_base64="K3dCghoH6KEJdncAnV4jDMzKVqs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORqUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp619Va87pSv83jKMIZnMMleFCDOtxDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MHz7GM9Q==</latexit>

27

⇤/c1/4B/ & 1TeV

<latexit sha1_base64="LySIzoeXdeootuWccuUcrbJzKqc="></latexit>

�p!ge+⇡0
⇠ 1

4⇡

m6
p

⇤4M2
Pl

⇣mp

⇤

⌘4
mp

<latexit sha1_base64="CtFugDTJkS6Rxf81sTKJDW/r9Bk="></latexit>

(preliminary)



To test gravity is a very important goal.
Tied to deep mysteries of nature.

Basis of operators for EFTs with gravity can be systematically counted — next constructed. 
Weyl tensor as basic building block of Hilbert series.

Conclusions/Outlook

Method can be applied to higher orders and spacetime dimensions (thanks to B. Henning).

pure gravity.
U(1) NGB.
GRSMEFT.

Results consistent with amplitudes approach to EFTs (Falkowski; Durieux, Machado ’19).

Much can still be explored within the EFT approach to gravity.
identify potentially interesting probes.
constraints from unitarity, locality, causality.
matching to UV completions.
renormalization group evolution.

28
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Thank you.
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