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Key object for collider experiments

Stuff happens
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Key object for collider experiments

QFT 1: 
Lagrangian         —>          Feynman Rules        —>          Scattering Amplitude
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Scattering Amplitudes
Surprising simplicity!

Gluon amplitude from Feynman diagrams

Parke, Taylor ‘86

… + 8 more pages

https://www.sciencedirect.com/science/article/abs/pii/0550321386902300?via=ihub


Scattering Amplitudes
Surprising simplicity!

Gluon amplitude from Feynman diagrams

Parke, Taylor ‘86

Parke-Taylor amplitude
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Scattering Amplitudes
Universal relations!
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Soft photon theorem Gauge invariance implies charge conservation
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Scattering Amplitudes
Hidden structure!
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Gauge theory

Bern et.al. ‘19

http://www.arxiv.org/abs/1909.01358
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Color-kinematics duality
Bern, Carrasco, Johansson ’08

http://www.arxiv.org/abs/1909.01358
https://arxiv.org/abs/0805.3993


Scattering Amplitudes
Hidden structure!
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Gravity

Bern et.al. ‘19
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Scattering Amplitudes
Surprising simplicity!
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Honerkamp, Meetz, … ‘70s

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.3.1996
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Surprising simplicity!
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Metric

Christoffel symbol
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Riemann curvature
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<latexit sha1_base64="EIFXosibSsJR6G9jUkBFG72pAMw=">AAACIXicbVDLSsNAFJ3UV62vqEs3g1Wom5KIVJdFNy4r2Ac0sUwmk2bo5MHMpFJCfsDf8Afc6h+4E3fi3u9w0mZhWw9cOJxzL/fe48SMCmkYX1ppZXVtfaO8Wdna3tnd0/cPOiJKOCZtHLGI9xwkCKMhaUsqGenFnKDAYaTrjG5yvzsmXNAovJeTmNgBGobUoxhJJQ30Eyv26UNKM2hxOvQl4jx6hNYY8Vyntdw+G+hVo25MAZeJWZAqKNAa6D+WG+EkIKHEDAnRN41Y2inikmJGsoqVCBIjPEJD0lc0RAERdjr9JoOnSnGhF3FVoYRT9e9EigIhJoGjOgMkfbHo5eJ/Xj+R3pWd0jBOJAnxbJGXMCgjmEcDXcoJlmyiCMKcqlsh9hFHWKoA57YI9ZRP3EwFYy7GsEw653WzUW/cXVSb10VEZXAEjkENmOASNMEtaIE2wOAJvIBX8KY9a+/ah/Y5ay1pxcwhmIP2/QsSV6TD</latexit>

�i ! 'i(�)

Honerkamp, Meetz, … ‘70s

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.3.1996


Scattering Amplitudes
Surprising simplicity!

Feynman diagrams

<latexit sha1_base64="RhB3nJRjUg0rBoxgec8lluF5APQ="></latexit>

L =
1

2
(@µ�

i@µ�i) + �3,ijk�
k(@µ�

i@µ�j) + �4,ijkl�
k�l(@µ�

i@µ�j) + . . .

=
1

2
gij(�)(@µ�

i@µ�j)

<latexit sha1_base64="8buuC8S7NfTDTe/eW2Vf7poe9rU="></latexit>

A4 = (@g)(p · p0) 1

sij
(@g)(p · p0) + · · ·+ (@2g)(pi · pj)



Scattering Amplitudes
Surprising simplicity!

Feynman diagrams

<latexit sha1_base64="RhB3nJRjUg0rBoxgec8lluF5APQ="></latexit>

L =
1

2
(@µ�

i@µ�i) + �3,ijk�
k(@µ�

i@µ�j) + �4,ijkl�
k�l(@µ�

i@µ�j) + . . .

=
1

2
gij(�)(@µ�

i@µ�j)

<latexit sha1_base64="iwxqWvXzmIWDRQ441sqj8Lar6nc=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARKkKZKVLdCEU3LivYB7TjkEnTNm0mE5KMUMYu/BU3LhRx62+4829M21lo64ELh3Pu5d57AsGo0o7zbWWWlldW17LruY3Nre0de3evrqJYYlLDEYtkM0CKMMpJTVPNSFNIgsKAkUYwvJ74jQciFY34nR4J4oWox2mXYqSN5NsHyk/oYAwvYUH4FJ5C4Q9O7ku+nXeKzhRwkbgpyYMUVd/+anciHIeEa8yQUi3XEdpLkNQUMzLOtWNFBMJD1CMtQzkKifKS6f1jeGyUDuxG0hTXcKr+nkhQqNQoDExniHRfzXsT8T+vFevuhZdQLmJNOJ4t6sYM6ghOwoAdKgnWbGQIwpKaWyHuI4mwNpHlTAju/MuLpF4quuVi+fYsX7lK48iCQ3AECsAF56ACbkAV1AAGj+AZvII368l6sd6tj1lrxkpn9sEfWJ8/YSuUaQ==</latexit>

sij = (pi + pj)
2

Geometric amplitude

<latexit sha1_base64="oy94aOudh0S6qlM1GtaQxb+oFc0="></latexit>

A4 = Rikjls34 +Rijkls24

<latexit sha1_base64="8buuC8S7NfTDTe/eW2Vf7poe9rU="></latexit>

A4 = (@g)(p · p0) 1

sij
(@g)(p · p0) + · · ·+ (@2g)(pi · pj)



Scattering Amplitudes
Surprising simplicity!

Feynman diagrams

<latexit sha1_base64="RhB3nJRjUg0rBoxgec8lluF5APQ="></latexit>

L =
1

2
(@µ�

i@µ�i) + �3,ijk�
k(@µ�

i@µ�j) + �4,ijkl�
k�l(@µ�

i@µ�j) + . . .

=
1

2
gij(�)(@µ�

i@µ�j)

Geometric amplitude

<latexit sha1_base64="rg0tMVUTjSWskdNoZiK4jdLSSCo="></latexit>

A5 =rkRiljms45 +rlRikjms35 +rlRijkms25

+rmRikjls34 +rmRijkl(s24 + s45)



Scattering Amplitudes
Universal relations!

Geometric soft theorem

<latexit sha1_base64="xuEbMwEXramKpPl8eR6pukU2+bs="></latexit>

lim
q!0

An+1 = riAn

<latexit sha1_base64="rg0tMVUTjSWskdNoZiK4jdLSSCo="></latexit>

A5 =rkRiljms45 +rlRikjms35 +rlRijkms25

+rmRikjls34 +rmRijkl(s24 + s45)

Cheung, AH, Parra-Martinez ‘21

<latexit sha1_base64="oy94aOudh0S6qlM1GtaQxb+oFc0="></latexit>

A4 = Rikjls34 +Rijkls24

https://link.springer.com/article/10.1007/JHEP04(2022)011


Scattering Amplitudes
Universal relations!

Geometric soft theorem

<latexit sha1_base64="xuEbMwEXramKpPl8eR6pukU2+bs="></latexit>

lim
q!0

An+1 = riAn

<latexit sha1_base64="rg0tMVUTjSWskdNoZiK4jdLSSCo="></latexit>

A5 =rkRiljms45 +rlRikjms35 +rlRijkms25

+rmRikjls34 +rmRijkl(s24 + s45)

Cheung, AH, Parra-Martinez ‘21

<latexit sha1_base64="oy94aOudh0S6qlM1GtaQxb+oFc0="></latexit>

A4 = Rikjls34 +Rijkls24

https://link.springer.com/article/10.1007/JHEP04(2022)011


Scattering Amplitudes
Hidden structure!

<latexit sha1_base64="NyxnL+aNR0MejKIGDUDQ4n+1VR0=">AAACJXicbVDLSgMxFM3UV62vqks3wSK4KjMi1YVC1YUuK9gHdEq5k2ba0CQzJBmhDPMzbvwVNy4sIrjyV0wfC61eSO7hnHtJzglizrRx3U8nt7S8srqWXy9sbG5t7xR39xo6ShShdRLxSLUC0JQzSeuGGU5bsaIgAk6bwfBmojcfqdIskg9mFNOOgL5kISNgLNUtXvgCzIAAT68yfIl9nYhuynwm/VsQAjLshwpIiollMyynd5b2Zr1bLLlld1r4L/DmoITmVesWx34vIomg0hAOWrc9NzadFJRhhNOs4CeaxkCG0KdtCyUIqjvp1GWGjyzTw2Gk7JEGT9mfGykIrUcisJMTT3pRm5D/ae3EhOedlMk4MVSS2UNhwrGJ8CQy3GOKEsNHFgBRzP4VkwHYWIwNtmBD8BYt/wWNk7JXKVfuT0vV63kceXSADtEx8tAZqqI7VEN1RNATekFvaOw8O6/Ou/MxG80585199Kucr29o86Xa</latexit>

A =
X

i2�

cini

di <latexit sha1_base64="MdV+aNbNOQ1+OzBM9Q9faFGxIrs=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIglASkepGKLpxWcE+oA1hMp20YycPZiZCCQF/xY0LRdz6He78GydtFtp6YLiHc+7l3jlezJlUlvVtlJaWV1bXyuuVjc2t7R1zd68to0QQ2iIRj0TXw5JyFtKWYorTbiwoDjxOO974Jvc7j1RIFoX3ahJTJ8DDkPmMYKUl1zwgbsoydIp0fcjQVV7HmWtWrZo1BVokdkGqUKDpml/9QUSSgIaKcCxlz7Zi5aRYKEY4zSr9RNIYkzEe0p6mIQ6odNLp+Rk61soA+ZHQL1Roqv6eSHEg5STwdGeA1UjOe7n4n9dLlH/ppCyME0VDMlvkJxypCOVZoAETlCg+0QQTwfStiIywwETpxCo6BHv+y4ukfVaz67X63Xm1cV3EUYZDOIITsOECGnALTWgBgRSe4RXejCfjxXg3PmatJaOY2Yc/MD5/APP7lNw=</latexit>

ci + cj = ck

Nonlinear sigma model

<latexit sha1_base64="uQRPK3+VMiU+K4pEa3QClV33R68=">AAACFnicbVDLSsNAFJ34rPUVdelmsAhuLIlIFYpQdOOyin1AE8NkMmmHTh7MTKQl5Cvc+CtuXCjiVtz5N07aLLT1wIUz59zL3HvcmFEhDeNbW1hcWl5ZLa2V1zc2t7b1nd22iBKOSQtHLOJdFwnCaEhakkpGujEnKHAZ6bjDq9zvPBAuaBTeyXFM7AD1Q+pTjKSSHP0YOynN4AW8dVLkYi+DlqAB9PPXKIP+fTrKnNSqW3WoTEevGFVjAjhPzIJUQIGmo39ZXoSTgIQSMyREzzRiaaeIS4oZycpWIkiM8BD1SU/REAVE2OnkrAweKsWDfsRVhRJO1N8TKQqEGAeu6gyQHIhZLxf/83qJ9M/tlIZxIkmIpx/5CYMygnlG0KOcYMnGiiDMqdoV4gHiCEuVZFmFYM6ePE/aJ1WzVq3dnFYal0UcJbAPDsARMMEZaIBr0AQtgMEjeAav4E170l60d+1j2rqgFTN74A+0zx9gsZ7o</latexit>

ci = Rabcd ⇠ fabxf
x
cd



Scattering Amplitudes
Hidden structure!

<latexit sha1_base64="NyxnL+aNR0MejKIGDUDQ4n+1VR0=">AAACJXicbVDLSgMxFM3UV62vqks3wSK4KjMi1YVC1YUuK9gHdEq5k2ba0CQzJBmhDPMzbvwVNy4sIrjyV0wfC61eSO7hnHtJzglizrRx3U8nt7S8srqWXy9sbG5t7xR39xo6ShShdRLxSLUC0JQzSeuGGU5bsaIgAk6bwfBmojcfqdIskg9mFNOOgL5kISNgLNUtXvgCzIAAT68yfIl9nYhuynwm/VsQAjLshwpIiollMyynd5b2Zr1bLLlld1r4L/DmoITmVesWx34vIomg0hAOWrc9NzadFJRhhNOs4CeaxkCG0KdtCyUIqjvp1GWGjyzTw2Gk7JEGT9mfGykIrUcisJMTT3pRm5D/ae3EhOedlMk4MVSS2UNhwrGJ8CQy3GOKEsNHFgBRzP4VkwHYWIwNtmBD8BYt/wWNk7JXKVfuT0vV63kceXSADtEx8tAZqqI7VEN1RNATekFvaOw8O6/Ou/MxG80585199Kucr29o86Xa</latexit>

A =
X

i2�

cini

di <latexit sha1_base64="MdV+aNbNOQ1+OzBM9Q9faFGxIrs=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIglASkepGKLpxWcE+oA1hMp20YycPZiZCCQF/xY0LRdz6He78GydtFtp6YLiHc+7l3jlezJlUlvVtlJaWV1bXyuuVjc2t7R1zd68to0QQ2iIRj0TXw5JyFtKWYorTbiwoDjxOO974Jvc7j1RIFoX3ahJTJ8DDkPmMYKUl1zwgbsoydIp0fcjQVV7HmWtWrZo1BVokdkGqUKDpml/9QUSSgIaKcCxlz7Zi5aRYKEY4zSr9RNIYkzEe0p6mIQ6odNLp+Rk61soA+ZHQL1Roqv6eSHEg5STwdGeA1UjOe7n4n9dLlH/ppCyME0VDMlvkJxypCOVZoAETlCg+0QQTwfStiIywwETpxCo6BHv+y4ukfVaz67X63Xm1cV3EUYZDOIITsOECGnALTWgBgRSe4RXejCfjxXg3PmatJaOY2Yc/MD5/APP7lNw=</latexit>

ci + cj = ck

Nonlinear sigma model

<latexit sha1_base64="uQRPK3+VMiU+K4pEa3QClV33R68=">AAACFnicbVDLSsNAFJ34rPUVdelmsAhuLIlIFYpQdOOyin1AE8NkMmmHTh7MTKQl5Cvc+CtuXCjiVtz5N07aLLT1wIUz59zL3HvcmFEhDeNbW1hcWl5ZLa2V1zc2t7b1nd22iBKOSQtHLOJdFwnCaEhakkpGujEnKHAZ6bjDq9zvPBAuaBTeyXFM7AD1Q+pTjKSSHP0YOynN4AW8dVLkYi+DlqAB9PPXKIP+fTrKnNSqW3WoTEevGFVjAjhPzIJUQIGmo39ZXoSTgIQSMyREzzRiaaeIS4oZycpWIkiM8BD1SU/REAVE2OnkrAweKsWDfsRVhRJO1N8TKQqEGAeu6gyQHIhZLxf/83qJ9M/tlIZxIkmIpx/5CYMygnlG0KOcYMnGiiDMqdoV4gHiCEuVZFmFYM6ePE/aJ1WzVq3dnFYal0UcJbAPDsARMMEZaIBr0AQtgMEjeAav4E170l60d+1j2rqgFTN74A+0zx9gsZ7o</latexit>

ci = Rabcd ⇠ fabxf
x
cd

<latexit sha1_base64="o/BYdt44R3AArPQ67Vs2O8EViJw=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIglASkepGKLpxWcE+oA1lMp20YyeTMDMRSgj4K25cKOLW73Dn3zhts9DWA8M9nHMv987xY86Udpxvq7C0vLK6VlwvbWxube/Yu3tNFSWS0AaJeCTbPlaUM0EbmmlO27GkOPQ5bfmjm4nfeqRSsUjc63FMvRAPBAsYwdpIPftA9FKWoVNk6kOGriZ1lPXsslNxpkCLxM1JGXLUe/ZXtx+RJKRCE46V6rhOrL0US80Ip1mpmygaYzLCA9oxVOCQKi+dnp+hY6P0URBJ84RGU/X3RIpDpcahbzpDrIdq3puI/3mdRAeXXspEnGgqyGxRkHCkIzTJAvWZpETzsSGYSGZuRWSIJSbaJFYyIbjzX14kzbOKW61U787Ltes8jiIcwhGcgAsXUINbqEMDCKTwDK/wZj1ZL9a79TFrLVj5zD78gfX5AyealP0=</latexit>

ni + nj = nk

Curvature-kinematics duality

<latexit sha1_base64="vUtOW+pl9AuzUf6vStiuGGkUJEs=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQEUoSpboRim5cVrAPaEOYTKft0MkkzEyEErJ346+4caGIW3/AnX/jpM1CWw9c7uGce5m5x48Ylcqyvo3Cyura+kZxs7S1vbO7Z+4ftGUYC0xaOGSh6PpIEkY5aSmqGOlGgqDAZ6TjT24yv/NAhKQhv1fTiLgBGnE6pBgpLXlmmXsJTeEVlF5iOyms5v0UOpnknKUnnlmxatYMcJnYOamAHE3P/OoPQhwHhCvMkJQ924qUmyChKGYkLfVjSSKEJ2hEeppyFBDpJrNbUnislQEchkIXV3Cm/t5IUCDlNPD1ZIDUWC56mfif14vV8NJNKI9iRTiePzSMGVQhzIKBAyoIVmyqCcKC6r9CPEYCYaXjK+kQ7MWTl0nbqdn1Wv3uvNK4zuMogiNQBlVggwvQALegCVoAg0fwDF7Bm/FkvBjvxsd8tGDkO4fgD4zPH+atmGw=</latexit>

ni = s12(s12 + 2s23)



Scattering Amplitudes
Hidden structure!

<latexit sha1_base64="NyxnL+aNR0MejKIGDUDQ4n+1VR0=">AAACJXicbVDLSgMxFM3UV62vqks3wSK4KjMi1YVC1YUuK9gHdEq5k2ba0CQzJBmhDPMzbvwVNy4sIrjyV0wfC61eSO7hnHtJzglizrRx3U8nt7S8srqWXy9sbG5t7xR39xo6ShShdRLxSLUC0JQzSeuGGU5bsaIgAk6bwfBmojcfqdIskg9mFNOOgL5kISNgLNUtXvgCzIAAT68yfIl9nYhuynwm/VsQAjLshwpIiollMyynd5b2Zr1bLLlld1r4L/DmoITmVesWx34vIomg0hAOWrc9NzadFJRhhNOs4CeaxkCG0KdtCyUIqjvp1GWGjyzTw2Gk7JEGT9mfGykIrUcisJMTT3pRm5D/ae3EhOedlMk4MVSS2UNhwrGJ8CQy3GOKEsNHFgBRzP4VkwHYWIwNtmBD8BYt/wWNk7JXKVfuT0vV63kceXSADtEx8tAZqqI7VEN1RNATekFvaOw8O6/Ou/MxG80585199Kucr29o86Xa</latexit>

A =
X

i2�

cini

di <latexit sha1_base64="MdV+aNbNOQ1+OzBM9Q9faFGxIrs=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIglASkepGKLpxWcE+oA1hMp20YycPZiZCCQF/xY0LRdz6He78GydtFtp6YLiHc+7l3jlezJlUlvVtlJaWV1bXyuuVjc2t7R1zd68to0QQ2iIRj0TXw5JyFtKWYorTbiwoDjxOO974Jvc7j1RIFoX3ahJTJ8DDkPmMYKUl1zwgbsoydIp0fcjQVV7HmWtWrZo1BVokdkGqUKDpml/9QUSSgIaKcCxlz7Zi5aRYKEY4zSr9RNIYkzEe0p6mIQ6odNLp+Rk61soA+ZHQL1Roqv6eSHEg5STwdGeA1UjOe7n4n9dLlH/ppCyME0VDMlvkJxypCOVZoAETlCg+0QQTwfStiIywwETpxCo6BHv+y4ukfVaz67X63Xm1cV3EUYZDOIITsOECGnALTWgBgRSe4RXejCfjxXg3PmatJaOY2Yc/MD5/APP7lNw=</latexit>

ci + cj = ck

Nonlinear sigma model

<latexit sha1_base64="yj9LWHmb/X7fJZcwCgZhW/TrXSM=">AAACJXicbVDLSsQwFE3H9/iqunQTHARXQysyulAQXehGGMFRYVqG20yqYZK0JKkwlP6MG3/FjQsHEVz5K6YzXfi6kNzDOfeSnBOlnGnjeR9ObWp6ZnZufqG+uLS8suqurV/rJFOEdkjCE3UbgaacSdoxzHB6myoKIuL0JhqclvrNA1WaJfLKDFMaCriTLGYEjKV67mEgwNwT4PlFgY9woDPRy1nAZHAGQkCBg1gBybG0bFHdRd6f9J7b8JreuPBf4Feggapq99xR0E9IJqg0hIPWXd9LTZiDMoxwWtSDTNMUyADuaNdCCYLqMB+7LPC2Zfo4TpQ90uAx+30jB6H1UER2svSkf2sl+Z/WzUx8EOZMppmhkkweijOOTYLLyHCfKUoMH1oARDH7V0zuwcZibLB1G4L/2/JfcL3b9FvN1uVe4/ikimMebaIttIN8tI+O0Tlqow4i6BE9o1c0cp6cF+fNeZ+M1pxqZwP9KOfzC48DpfE=</latexit>

M =
X

i2�

nini

di

Galileon Theory

Double copy: Galileon theory = (NLSM)^2

<latexit sha1_base64="uQRPK3+VMiU+K4pEa3QClV33R68=">AAACFnicbVDLSsNAFJ34rPUVdelmsAhuLIlIFYpQdOOyin1AE8NkMmmHTh7MTKQl5Cvc+CtuXCjiVtz5N07aLLT1wIUz59zL3HvcmFEhDeNbW1hcWl5ZLa2V1zc2t7b1nd22iBKOSQtHLOJdFwnCaEhakkpGujEnKHAZ6bjDq9zvPBAuaBTeyXFM7AD1Q+pTjKSSHP0YOynN4AW8dVLkYi+DlqAB9PPXKIP+fTrKnNSqW3WoTEevGFVjAjhPzIJUQIGmo39ZXoSTgIQSMyREzzRiaaeIS4oZycpWIkiM8BD1SU/REAVE2OnkrAweKsWDfsRVhRJO1N8TKQqEGAeu6gyQHIhZLxf/83qJ9M/tlIZxIkmIpx/5CYMygnlG0KOcYMnGiiDMqdoV4gHiCEuVZFmFYM6ePE/aJ1WzVq3dnFYal0UcJbAPDsARMMEZaIBr0AQtgMEjeAav4E170l60d+1j2rqgFTN74A+0zx9gsZ7o</latexit>

ci = Rabcd ⇠ fabxf
x
cd

<latexit sha1_base64="o/BYdt44R3AArPQ67Vs2O8EViJw=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIglASkepGKLpxWcE+oA1lMp20YyeTMDMRSgj4K25cKOLW73Dn3zhts9DWA8M9nHMv987xY86Udpxvq7C0vLK6VlwvbWxube/Yu3tNFSWS0AaJeCTbPlaUM0EbmmlO27GkOPQ5bfmjm4nfeqRSsUjc63FMvRAPBAsYwdpIPftA9FKWoVNk6kOGriZ1lPXsslNxpkCLxM1JGXLUe/ZXtx+RJKRCE46V6rhOrL0US80Ip1mpmygaYzLCA9oxVOCQKi+dnp+hY6P0URBJ84RGU/X3RIpDpcahbzpDrIdq3puI/3mdRAeXXspEnGgqyGxRkHCkIzTJAvWZpETzsSGYSGZuRWSIJSbaJFYyIbjzX14kzbOKW61U787Ltes8jiIcwhGcgAsXUINbqEMDCKTwDK/wZj1ZL9a79TFrLVj5zD78gfX5AyealP0=</latexit>

ni + nj = nk

Curvature-kinematics duality

<latexit sha1_base64="vUtOW+pl9AuzUf6vStiuGGkUJEs=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQEUoSpboRim5cVrAPaEOYTKft0MkkzEyEErJ346+4caGIW3/AnX/jpM1CWw9c7uGce5m5x48Ylcqyvo3Cyura+kZxs7S1vbO7Z+4ftGUYC0xaOGSh6PpIEkY5aSmqGOlGgqDAZ6TjT24yv/NAhKQhv1fTiLgBGnE6pBgpLXlmmXsJTeEVlF5iOyms5v0UOpnknKUnnlmxatYMcJnYOamAHE3P/OoPQhwHhCvMkJQ924qUmyChKGYkLfVjSSKEJ2hEeppyFBDpJrNbUnislQEchkIXV3Cm/t5IUCDlNPD1ZIDUWC56mfif14vV8NJNKI9iRTiePzSMGVQhzIKBAyoIVmyqCcKC6r9CPEYCYaXjK+kQ7MWTl0nbqdn1Wv3uvNK4zuMogiNQBlVggwvQALegCVoAg0fwDF7Bm/FkvBjvxsd8tGDkO4fgD4zPH+atmGw=</latexit>

ni = s12(s12 + 2s23)



Scattering Amplitudes
Hidden structure!

<latexit sha1_base64="NyxnL+aNR0MejKIGDUDQ4n+1VR0=">AAACJXicbVDLSgMxFM3UV62vqks3wSK4KjMi1YVC1YUuK9gHdEq5k2ba0CQzJBmhDPMzbvwVNy4sIrjyV0wfC61eSO7hnHtJzglizrRx3U8nt7S8srqWXy9sbG5t7xR39xo6ShShdRLxSLUC0JQzSeuGGU5bsaIgAk6bwfBmojcfqdIskg9mFNOOgL5kISNgLNUtXvgCzIAAT68yfIl9nYhuynwm/VsQAjLshwpIiollMyynd5b2Zr1bLLlld1r4L/DmoITmVesWx34vIomg0hAOWrc9NzadFJRhhNOs4CeaxkCG0KdtCyUIqjvp1GWGjyzTw2Gk7JEGT9mfGykIrUcisJMTT3pRm5D/ae3EhOedlMk4MVSS2UNhwrGJ8CQy3GOKEsNHFgBRzP4VkwHYWIwNtmBD8BYt/wWNk7JXKVfuT0vV63kceXSADtEx8tAZqqI7VEN1RNATekFvaOw8O6/Ou/MxG80585199Kucr29o86Xa</latexit>
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Nonlinear sigma model

Galileon Theory

Double copy: Galileon theory = (NLSM)^2

Curvature-kinematics duality
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https://arxiv.org/abs/2406.10955


Scattering Amplitudes
Geometry with fermions
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Derda, AH, Parra-Martinez ‘24

https://arxiv.org/abs/2403.12142


Scattering Amplitudes
Geometry with fermions
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A5 = (ū/pju)rkR̄p̄rij + (ū/pku)rjR̄p̄rik

Surprising structure!

Derda, AH, Parra-Martinez ‘24

https://arxiv.org/abs/2403.12142


Scattering Amplitudes
Geometry with fermions

Geometric soft theorem
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Surprising structure!
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https://arxiv.org/abs/2403.12142


Standard Model Effective Field Theory
Encode heavy new physics in effective operators
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Standard Model Effective Field Theory
Renormalization Group Equations
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1-loop UV divergence
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Curvature shows up

AH, Jenkins, Manohar ‘22

Assi, AH, Manohar, Pages, Shen ‘23

https://arxiv.org/abs/2212.03253
https://arxiv.org/abs/2307.03187


Standard Model Effective Field Theory
Renormalization Group Equations
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Curvature shows up
SMEFT RGE to dimension 8

AH, Jenkins, Manohar ‘22

Assi, AH, Manohar, Pages, Shen ‘23

https://arxiv.org/abs/2212.03253
https://arxiv.org/abs/2307.03187


Scattering Amplitudes
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lim
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An+1 = riAn

Double copy: Galileon theory = (NLSM)^2

RGE for Standard Model Effective Field Theory

Surprising simplicity!

Universal relations!

Hidden structure!

Practical calculations
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