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Effective Field Theory is the single most powerful organising principle in physics.

cosmology

high-energy collisions

EFT lies at the heart of our understanding of nature.

big bang

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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Quantum Mechanics and Relativity turn these questions into problems.

Intrinsic of fundamental physics is to understand connection between energy scales.
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Fundamentals



Quantum Field Theory

Quantum Mechanics Relativity

Born 
Dirac
Pauli
Feynman
…
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Cornerstones of QFT

Unitarity: 
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Poincaré invariance:
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<latexit sha1_base64="+MQTY7iSBEQQJeOzAz5rDjmjpOc=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0mKoN6KXjxWNLbQhrLZTtqlm03Y3Qil9Dd48aDi1T/kzX/jts1BWx8MPN6bYWZemAqujet+Oyura+sbm4Wt4vbO7t5+6eDwUSeZYuizRCSqFVKNgkv0DTcCW6lCGocCm+HwZuo3n1BpnsgHM0oxiGlf8ogzaqzk3/uV2lm3VHar7gxkmXg5KUOORrf01eklLItRGiao1m3PTU0wpspwJnBS7GQaU8qGtI9tSyWNUQfj2bETcmqVHokSZUsaMlN/T4xprPUoDm1nTM1AL3pT8T+vnZnoMhhzmWYGJZsvijJBTEKmn5MeV8iMGFlCmeL2VsIGVFFmbD5FG4K3+PIy8WvVq6p7d16uX+dpFOAYTqACHlxAHW6hAT4w4PAMr/DmSOfFeXc+5q0rTj5zBH/gfP4A+VqNqg==</latexit><latexit sha1_base64="+MQTY7iSBEQQJeOzAz5rDjmjpOc=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0mKoN6KXjxWNLbQhrLZTtqlm03Y3Qil9Dd48aDi1T/kzX/jts1BWx8MPN6bYWZemAqujet+Oyura+sbm4Wt4vbO7t5+6eDwUSeZYuizRCSqFVKNgkv0DTcCW6lCGocCm+HwZuo3n1BpnsgHM0oxiGlf8ogzaqzk3/uV2lm3VHar7gxkmXg5KUOORrf01eklLItRGiao1m3PTU0wpspwJnBS7GQaU8qGtI9tSyWNUQfj2bETcmqVHokSZUsaMlN/T4xprPUoDm1nTM1AL3pT8T+vnZnoMhhzmWYGJZsvijJBTEKmn5MeV8iMGFlCmeL2VsIGVFFmbD5FG4K3+PIy8WvVq6p7d16uX+dpFOAYTqACHlxAHW6hAT4w4PAMr/DmSOfFeXc+5q0rTj5zBH/gfP4A+VqNqg==</latexit><latexit sha1_base64="+MQTY7iSBEQQJeOzAz5rDjmjpOc=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0mKoN6KXjxWNLbQhrLZTtqlm03Y3Qil9Dd48aDi1T/kzX/jts1BWx8MPN6bYWZemAqujet+Oyura+sbm4Wt4vbO7t5+6eDwUSeZYuizRCSqFVKNgkv0DTcCW6lCGocCm+HwZuo3n1BpnsgHM0oxiGlf8ogzaqzk3/uV2lm3VHar7gxkmXg5KUOORrf01eklLItRGiao1m3PTU0wpspwJnBS7GQaU8qGtI9tSyWNUQfj2bETcmqVHokSZUsaMlN/T4xprPUoDm1nTM1AL3pT8T+vnZnoMhhzmWYGJZsvijJBTEKmn5MeV8iMGFlCmeL2VsIGVFFmbD5FG4K3+PIy8WvVq6p7d16uX+dpFOAYTqACHlxAHW6hAT4w4PAMr/DmSOfFeXc+5q0rTj5zBH/gfP4A+VqNqg==</latexit>

ISO(2)
<latexit sha1_base64="cjSxyod39q9Fst7pzE0pBZXqw+U=">AAAB7HicbVBNTwIxEJ31E/EL9eilkZjghSzERL0RvehJjC6QwIZ0Sxcq3XbTdk3Ihv/gxYMar/4gb/4bC+xBwZdM8vLeTGbmBTFn2rjut7O0vLK6tp7byG9ube/sFvb2G1omilCPSC5VK8CaciaoZ5jhtBUriqOA02YwvJr4zSeqNJPiwYxi6ke4L1jICDZWatzc35aqJ91C0S27U6BFUslIETLUu4WvTk+SJKLCEI61blfc2PgpVoYRTsf5TqJpjMkQ92nbUoEjqv10eu0YHVulh0KpbAmDpurviRRHWo+iwHZG2Az0vDcR//PaiQnP/ZSJODFUkNmiMOHISDR5HfWYosTwkSWYKGZvRWSAFSbGBpS3IVTmX14kXrV8UXbvTou1yyyNHBzCEZSgAmdQg2uogwcEHuEZXuHNkc6L8+58zFqXnGzmAP7A+fwBhPiN9w==</latexit><latexit sha1_base64="cjSxyod39q9Fst7pzE0pBZXqw+U=">AAAB7HicbVBNTwIxEJ31E/EL9eilkZjghSzERL0RvehJjC6QwIZ0Sxcq3XbTdk3Ihv/gxYMar/4gb/4bC+xBwZdM8vLeTGbmBTFn2rjut7O0vLK6tp7byG9ube/sFvb2G1omilCPSC5VK8CaciaoZ5jhtBUriqOA02YwvJr4zSeqNJPiwYxi6ke4L1jICDZWatzc35aqJ91C0S27U6BFUslIETLUu4WvTk+SJKLCEI61blfc2PgpVoYRTsf5TqJpjMkQ92nbUoEjqv10eu0YHVulh0KpbAmDpurviRRHWo+iwHZG2Az0vDcR//PaiQnP/ZSJODFUkNmiMOHISDR5HfWYosTwkSWYKGZvRWSAFSbGBpS3IVTmX14kXrV8UXbvTou1yyyNHBzCEZSgAmdQg2uogwcEHuEZXuHNkc6L8+58zFqXnGzmAP7A+fwBhPiN9w==</latexit><latexit sha1_base64="cjSxyod39q9Fst7pzE0pBZXqw+U=">AAAB7HicbVBNTwIxEJ31E/EL9eilkZjghSzERL0RvehJjC6QwIZ0Sxcq3XbTdk3Ihv/gxYMar/4gb/4bC+xBwZdM8vLeTGbmBTFn2rjut7O0vLK6tp7byG9ube/sFvb2G1omilCPSC5VK8CaciaoZ5jhtBUriqOA02YwvJr4zSeqNJPiwYxi6ke4L1jICDZWatzc35aqJ91C0S27U6BFUslIETLUu4WvTk+SJKLCEI61blfc2PgpVoYRTsf5TqJpjMkQ92nbUoEjqv10eu0YHVulh0KpbAmDpurviRRHWo+iwHZG2Az0vDcR//PaiQnP/ZSJODFUkNmiMOHISDR5HfWYosTwkSWYKGZvRWSAFSbGBpS3IVTmX14kXrV8UXbvTou1yyyNHBzCEZSgAmdQg2uogwcEHuEZXuHNkc6L8+58zFqXnGzmAP7A+fwBhPiN9w==</latexit>

little group

n

2
~

<latexit sha1_base64="fybqkBFB5kGkAj9R+JtfkaBnMl8=">AAAB+XicbVBNS8NAEJ34WetXqkcvi0XwVJIiqLeiF48VjC00oWy2m3bpZhN2N0qJ+SlePKh49Z9489+4bXPQ1gcDj/dmmJkXppwp7Tjf1srq2vrGZmWrur2zu7dv1w7uVZJJQj2S8ER2Q6woZ4J6mmlOu6mkOA457YTj66nfeaBSsUTc6UlKgxgPBYsYwdpIfbvmRxKTXBR5s0D+KMSyb9edhjMDWiZuSepQot23v/xBQrKYCk04VqrnOqkOciw1I5wWVT9TNMVkjIe0Z6jAMVVBPju9QCdGGaAokaaERjP190SOY6UmcWg6Y6xHatGbiv95vUxHF0HORJppKsh8UZRxpBM0zQENmKRE84khmEhmbkVkhE0W2qRVNSG4iy8vE6/ZuGw4t2f11lWZRgWO4BhOwYVzaMENtMEDAo/wDK/wZj1ZL9a79TFvXbHKmUP4A+vzB6ICk8k=</latexit><latexit sha1_base64="fybqkBFB5kGkAj9R+JtfkaBnMl8=">AAAB+XicbVBNS8NAEJ34WetXqkcvi0XwVJIiqLeiF48VjC00oWy2m3bpZhN2N0qJ+SlePKh49Z9489+4bXPQ1gcDj/dmmJkXppwp7Tjf1srq2vrGZmWrur2zu7dv1w7uVZJJQj2S8ER2Q6woZ4J6mmlOu6mkOA457YTj66nfeaBSsUTc6UlKgxgPBYsYwdpIfbvmRxKTXBR5s0D+KMSyb9edhjMDWiZuSepQot23v/xBQrKYCk04VqrnOqkOciw1I5wWVT9TNMVkjIe0Z6jAMVVBPju9QCdGGaAokaaERjP190SOY6UmcWg6Y6xHatGbiv95vUxHF0HORJppKsh8UZRxpBM0zQENmKRE84khmEhmbkVkhE0W2qRVNSG4iy8vE6/ZuGw4t2f11lWZRgWO4BhOwYVzaMENtMEDAo/wDK/wZj1ZL9a79TFvXbHKmUP4A+vzB6ICk8k=</latexit><latexit sha1_base64="fybqkBFB5kGkAj9R+JtfkaBnMl8=">AAAB+XicbVBNS8NAEJ34WetXqkcvi0XwVJIiqLeiF48VjC00oWy2m3bpZhN2N0qJ+SlePKh49Z9489+4bXPQ1gcDj/dmmJkXppwp7Tjf1srq2vrGZmWrur2zu7dv1w7uVZJJQj2S8ER2Q6woZ4J6mmlOu6mkOA457YTj66nfeaBSsUTc6UlKgxgPBYsYwdpIfbvmRxKTXBR5s0D+KMSyb9edhjMDWiZuSepQot23v/xBQrKYCk04VqrnOqkOciw1I5wWVT9TNMVkjIe0Z6jAMVVBPju9QCdGGaAokaaERjP190SOY6UmcWg6Y6xHatGbiv95vUxHF0HORJppKsh8UZRxpBM0zQENmKRE84khmEhmbkVkhE0W2qRVNSG4iy8vE6/ZuGw4t2f11lWZRgWO4BhOwYVzaMENtMEDAo/wDK/wZj1ZL9a79TFvXbHKmUP4A+vzB6ICk8k=</latexit>



Aµ ! Aµ + @µ�
<latexit sha1_base64="9vICLUTbmoLKQtXRobdouwmXVkk=">AAACDnicbVBNS8MwGE7n15xfVY9egkMRhNGKoN6mXjxOsG6wlpKm6RaWpiVJhVH2D7z4V7x4UPHq2Zv/xnTtQTcfCDw8z/uR9wlSRqWyrG+jtrC4tLxSX22srW9sbpnbO/cyyQQmDk5YInoBkoRRThxFFSO9VBAUB4x0g9F14XcfiJA04XdqnBIvRgNOI4qR0pJvHl76bpxBVyWwZMfQTZFQFLHSYHpWiHyzabWsKeA8sSvSBBU6vvnlhgnOYsIVZkjKvm2lysuLyZiRScPNJEkRHqEB6WvKUUykl0/vmcADrYQwSoR+XMGp+rsjR7GU4zjQlTFSQznrFeJ/Xj9T0bmXU55minBcLooyBvX1RTgwpIJgxcaaICyo/ivEQyQQVjrChg7Bnj15njgnrYuWdXvabF9VadTBHtgHR8AGZ6ANbkAHOACDR/AMXsGb8WS8GO/GR1laM6qeXfAHxucPqkebYw==</latexit><latexit sha1_base64="9vICLUTbmoLKQtXRobdouwmXVkk=">AAACDnicbVBNS8MwGE7n15xfVY9egkMRhNGKoN6mXjxOsG6wlpKm6RaWpiVJhVH2D7z4V7x4UPHq2Zv/xnTtQTcfCDw8z/uR9wlSRqWyrG+jtrC4tLxSX22srW9sbpnbO/cyyQQmDk5YInoBkoRRThxFFSO9VBAUB4x0g9F14XcfiJA04XdqnBIvRgNOI4qR0pJvHl76bpxBVyWwZMfQTZFQFLHSYHpWiHyzabWsKeA8sSvSBBU6vvnlhgnOYsIVZkjKvm2lysuLyZiRScPNJEkRHqEB6WvKUUykl0/vmcADrYQwSoR+XMGp+rsjR7GU4zjQlTFSQznrFeJ/Xj9T0bmXU55minBcLooyBvX1RTgwpIJgxcaaICyo/ivEQyQQVjrChg7Bnj15njgnrYuWdXvabF9VadTBHtgHR8AGZ6ANbkAHOACDR/AMXsGb8WS8GO/GR1laM6qeXfAHxucPqkebYw==</latexit><latexit sha1_base64="9vICLUTbmoLKQtXRobdouwmXVkk=">AAACDnicbVBNS8MwGE7n15xfVY9egkMRhNGKoN6mXjxOsG6wlpKm6RaWpiVJhVH2D7z4V7x4UPHq2Zv/xnTtQTcfCDw8z/uR9wlSRqWyrG+jtrC4tLxSX22srW9sbpnbO/cyyQQmDk5YInoBkoRRThxFFSO9VBAUB4x0g9F14XcfiJA04XdqnBIvRgNOI4qR0pJvHl76bpxBVyWwZMfQTZFQFLHSYHpWiHyzabWsKeA8sSvSBBU6vvnlhgnOYsIVZkjKvm2lysuLyZiRScPNJEkRHqEB6WvKUUykl0/vmcADrYQwSoR+XMGp+rsjR7GU4zjQlTFSQznrFeJ/Xj9T0bmXU55minBcLooyBvX1RTgwpIJgxcaaICyo/ivEQyQQVjrChg7Bnj15njgnrYuWdXvabF9VadTBHtgHR8AGZ6ANbkAHOACDR/AMXsGb8WS8GO/GR1laM6qeXfAHxucPqkebYw==</latexit>

hµ⌫ ! hµ⌫ + @µ⇠⌫ + @⌫⇠µ � @µ⇠
↵@⌫⇠↵

<latexit sha1_base64="HIkUOZMV4iY4If+oIL9Q1PM+3p8=">AAACY3icbZHNS8MwGMbT+rE5p3bTmwjBIQji6ERQb0MvHic4N1hneZtlLixNS5KKo+yf9ObRi3+HWdfDvl4IPPk9b76eBDFnSrvuj2Vvbe/sFop7pf3yweGRU6m+qSiRhLZJxCPZDUBRzgRta6Y57caSQhhw2gnGTzO/80mlYpF41ZOY9kP4EGzICGiDfCcd+akXJtgTyRR7OsKL8yvsxSA1A+5n7Iv5hi9hkWNjX691v3vA4xFsaM+479TcupsVXheNXNRQXi3f+fYGEUlCKjThoFSv4ca6n842J5xOS16iaAxkDB+0Z6SAkKp+moU0xReGDPAwkmYIjTO6uCKFUKlJGJjOEPRIrXozuMnrJXp430+ZiBNNBZkfNEw4NmHOEscDJinRfGIEEMnMXTEZgQSizb+UTAiN1Sevi/ZN/aHuvtzWmo95GkV0is7RJWqgO9REz6iF2oigX6tgOVbF+rPLdtU+mbfaVr7mGC2VffYPX8e3tw==</latexit><latexit sha1_base64="HIkUOZMV4iY4If+oIL9Q1PM+3p8=">AAACY3icbZHNS8MwGMbT+rE5p3bTmwjBIQji6ERQb0MvHic4N1hneZtlLixNS5KKo+yf9ObRi3+HWdfDvl4IPPk9b76eBDFnSrvuj2Vvbe/sFop7pf3yweGRU6m+qSiRhLZJxCPZDUBRzgRta6Y57caSQhhw2gnGTzO/80mlYpF41ZOY9kP4EGzICGiDfCcd+akXJtgTyRR7OsKL8yvsxSA1A+5n7Iv5hi9hkWNjX691v3vA4xFsaM+479TcupsVXheNXNRQXi3f+fYGEUlCKjThoFSv4ca6n842J5xOS16iaAxkDB+0Z6SAkKp+moU0xReGDPAwkmYIjTO6uCKFUKlJGJjOEPRIrXozuMnrJXp430+ZiBNNBZkfNEw4NmHOEscDJinRfGIEEMnMXTEZgQSizb+UTAiN1Sevi/ZN/aHuvtzWmo95GkV0is7RJWqgO9REz6iF2oigX6tgOVbF+rPLdtU+mbfaVr7mGC2VffYPX8e3tw==</latexit><latexit sha1_base64="HIkUOZMV4iY4If+oIL9Q1PM+3p8=">AAACY3icbZHNS8MwGMbT+rE5p3bTmwjBIQji6ERQb0MvHic4N1hneZtlLixNS5KKo+yf9ObRi3+HWdfDvl4IPPk9b76eBDFnSrvuj2Vvbe/sFop7pf3yweGRU6m+qSiRhLZJxCPZDUBRzgRta6Y57caSQhhw2gnGTzO/80mlYpF41ZOY9kP4EGzICGiDfCcd+akXJtgTyRR7OsKL8yvsxSA1A+5n7Iv5hi9hkWNjX691v3vA4xFsaM+479TcupsVXheNXNRQXi3f+fYGEUlCKjThoFSv4ca6n842J5xOS16iaAxkDB+0Z6SAkKp+moU0xReGDPAwkmYIjTO6uCKFUKlJGJjOEPRIrXozuMnrJXp430+ZiBNNBZkfNEw4NmHOEscDJinRfGIEEMnMXTEZgQSizb+UTAiN1Sevi/ZN/aHuvtzWmo95GkV0is7RJWqgO9REz6iF2oigX6tgOVbF+rPLdtU+mbfaVr7mGC2VffYPX8e3tw==</latexit>

Causality: 

Gauge (redundancy) invariance:

[�(xA),�(xB)] = 0
<latexit sha1_base64="EbI8a7TAdumf95GdryJtTgEsdLk=">AAACAnicbZDNSsNAFIUn9a/Wv6g73QwWoQUpiQjqQqh147KCsYU0hMl00g6dTMLMRCyh4MZXceNCxa1P4c63cdpmoa0HBj7OvZc79wQJo1JZ1rdRWFhcWl4prpbW1jc2t8ztnTsZpwITB8csFu0AScIoJ46iipF2IgiKAkZaweBqXG/dEyFpzG/VMCFehHqchhQjpS3f3HM7SZ9WHvzL6hHMsVH14AW0fLNs1ayJ4DzYOZRBrqZvfnW6MU4jwhVmSErXthLlZUgoihkZlTqpJAnCA9QjrkaOIiK9bHLDCB5qpwvDWOjHFZy4vycyFEk5jALdGSHVl7O1sflfzU1VeOZllCepIhxPF4UpgyqG40BglwqCFRtqQFhQ/VeI+0ggrHRsJR2CPXvyPDjHtfOadXNSrjfyNIpgHxyACrDBKaiDa9AEDsDgETyDV/BmPBkvxrvxMW0tGPnMLvgj4/MH03+VQA==</latexit><latexit sha1_base64="EbI8a7TAdumf95GdryJtTgEsdLk=">AAACAnicbZDNSsNAFIUn9a/Wv6g73QwWoQUpiQjqQqh147KCsYU0hMl00g6dTMLMRCyh4MZXceNCxa1P4c63cdpmoa0HBj7OvZc79wQJo1JZ1rdRWFhcWl4prpbW1jc2t8ztnTsZpwITB8csFu0AScIoJ46iipF2IgiKAkZaweBqXG/dEyFpzG/VMCFehHqchhQjpS3f3HM7SZ9WHvzL6hHMsVH14AW0fLNs1ayJ4DzYOZRBrqZvfnW6MU4jwhVmSErXthLlZUgoihkZlTqpJAnCA9QjrkaOIiK9bHLDCB5qpwvDWOjHFZy4vycyFEk5jALdGSHVl7O1sflfzU1VeOZllCepIhxPF4UpgyqG40BglwqCFRtqQFhQ/VeI+0ggrHRsJR2CPXvyPDjHtfOadXNSrjfyNIpgHxyACrDBKaiDa9AEDsDgETyDV/BmPBkvxrvxMW0tGPnMLvgj4/MH03+VQA==</latexit><latexit sha1_base64="EbI8a7TAdumf95GdryJtTgEsdLk=">AAACAnicbZDNSsNAFIUn9a/Wv6g73QwWoQUpiQjqQqh147KCsYU0hMl00g6dTMLMRCyh4MZXceNCxa1P4c63cdpmoa0HBj7OvZc79wQJo1JZ1rdRWFhcWl4prpbW1jc2t8ztnTsZpwITB8csFu0AScIoJ46iipF2IgiKAkZaweBqXG/dEyFpzG/VMCFehHqchhQjpS3f3HM7SZ9WHvzL6hHMsVH14AW0fLNs1ayJ4DzYOZRBrqZvfnW6MU4jwhVmSErXthLlZUgoihkZlTqpJAnCA9QjrkaOIiK9bHLDCB5qpwvDWOjHFZy4vycyFEk5jALdGSHVl7O1sflfzU1VeOZllCepIhxPF4UpgyqG40BglwqCFRtqQFhQ/VeI+0ggrHRsJR2CPXvyPDjHtfOadXNSrjfyNIpgHxyACrDBKaiDa9AEDsDgETyDV/BmPBkvxrvxMW0tGPnMLvgj4/MH03+VQA==</latexit>

(spacelike)
(xA � xB)

2 > 0
<latexit sha1_base64="jps4Fv2MFDY3T9Liwwky0TRN/7g=">AAAB+XicbVBNT8JAEN3iF+JX0aOXjcQED5KWmKgXg3jxiIkVEqjNdtnChu222d0qpPJTvHhQ49V/4s1/4wI9KPiSSV7em8nMPD9mVCrL+jZyS8srq2v59cLG5tb2jlncvZNRIjBxcMQi0fKRJIxy4iiqGGnFgqDQZ6TpD64mfvOBCEkjfqtGMXFD1OM0oBgpLXlmsTz0LuExHHr1o/sqvICWZ5asijUFXCR2RkogQ8MzvzrdCCch4QozJGXbtmLlpkgoihkZFzqJJDHCA9QjbU05Col00+npY3iolS4MIqGLKzhVf0+kKJRyFPq6M0SqL+e9ifif105UcOamlMeJIhzPFgUJgyqCkxxglwqCFRtpgrCg+laI+0ggrHRaBR2CPf/yInGqlfOKdXNSqtWzNPJgHxyAMrDBKaiBa9AADsDgETyDV/BmPBkvxrvxMWvNGdnMHvgD4/MH2pyRVQ==</latexit><latexit sha1_base64="jps4Fv2MFDY3T9Liwwky0TRN/7g=">AAAB+XicbVBNT8JAEN3iF+JX0aOXjcQED5KWmKgXg3jxiIkVEqjNdtnChu222d0qpPJTvHhQ49V/4s1/4wI9KPiSSV7em8nMPD9mVCrL+jZyS8srq2v59cLG5tb2jlncvZNRIjBxcMQi0fKRJIxy4iiqGGnFgqDQZ6TpD64mfvOBCEkjfqtGMXFD1OM0oBgpLXlmsTz0LuExHHr1o/sqvICWZ5asijUFXCR2RkogQ8MzvzrdCCch4QozJGXbtmLlpkgoihkZFzqJJDHCA9QjbU05Col00+npY3iolS4MIqGLKzhVf0+kKJRyFPq6M0SqL+e9ifif105UcOamlMeJIhzPFgUJgyqCkxxglwqCFRtpgrCg+laI+0ggrHRaBR2CPf/yInGqlfOKdXNSqtWzNPJgHxyAMrDBKaiBa9AADsDgETyDV/BmPBkvxrvxMWvNGdnMHvgD4/MH2pyRVQ==</latexit><latexit sha1_base64="jps4Fv2MFDY3T9Liwwky0TRN/7g=">AAAB+XicbVBNT8JAEN3iF+JX0aOXjcQED5KWmKgXg3jxiIkVEqjNdtnChu222d0qpPJTvHhQ49V/4s1/4wI9KPiSSV7em8nMPD9mVCrL+jZyS8srq2v59cLG5tb2jlncvZNRIjBxcMQi0fKRJIxy4iiqGGnFgqDQZ6TpD64mfvOBCEkjfqtGMXFD1OM0oBgpLXlmsTz0LuExHHr1o/sqvICWZ5asijUFXCR2RkogQ8MzvzrdCCch4QozJGXbtmLlpkgoihkZFzqJJDHCA9QjbU05Col00+npY3iolS4MIqGLKzhVf0+kKJRyFPq6M0SqL+e9ifif105UcOamlMeJIhzPFgUJgyqCkxxglwqCFRtpgrCg+laI+0ggrHRaBR2CPf/yInGqlfOKdXNSqtWzNPJgHxyAMrDBKaiBa9AADsDgETyDV/BmPBkvxrvxMWvNGdnMHvgD4/MH2pyRVQ==</latexit>

h = ± 1 (2 d.o.f.),

h = ± 2 (2 d.o.f.),

These principles alone make QFT a very powerful and constrained framework.
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h = ± 1: charge conservation

|h| ≥ 3: no long-range force
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GR is the unique Lorentz invariant low-energy theory for interacting massless spin-2 particles.
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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

1/lHmH

mH

h

This is precisely the world we see.*
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Leading 2-derivative action is fundamentally fixed (massless particles up to spin 2).
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Other fundamental interactions have been neglected, since irrelevant at low energies, E ≪ Λ.

EFT1

EFT2

any QFT:

EFT = expansion in fields/derivatives consistent with symmetries of the system.
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From the fundamental properties of QFT we can also learn about them; not everything goes.

n = 2, 4, 6
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These interactions are crucial to unravel what lies beyond the Standard Model.



Naive Dimensional Analysis and Symmetries

EFTs

Dimensions of masses, (strong coupling) scales, and couplings.
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<latexit sha1_base64="7q6c2cnMwppFtXaxpxD7gVoqhMo=">AAACBXicbVBNS8NAEN3Ur1q/oh5FWCyCp5KIoN6KXjxWMLbQxLLZbNqlm92wuxFLyMmLf8WLBxWv/gdv/hu3bQ7a+mDg8d4MM/PClFGlHefbqiwsLi2vVFdra+sbm1v29s6tEpnExMOCCdkJkSKMcuJpqhnppJKgJGSkHQ4vx377nkhFBb/Ro5QECepzGlOMtJF69j65yyn0Y4lwnkIfR0LDhyL3ByGSRdGz607DmQDOE7ckdVCi1bO//EjgLCFcY4aU6rpOqoMcSU0xI0XNzxRJER6iPukaylFCVJBP3ijgoVEiGAtpims4UX9P5ChRapSEpjNBeqBmvbH4n9fNdHwW5JSnmSYcTxfFGYNawHEmMKKSYM1GhiAsqbkV4gEykWiTXM2E4M6+PE+848Z5w7k+qTcvyjSqYA8cgCPgglPQBFegBTyAwSN4Bq/gzXqyXqx362PaWrHKmV3wB9bnD9zOmPM=</latexit><latexit sha1_base64="7q6c2cnMwppFtXaxpxD7gVoqhMo=">AAACBXicbVBNS8NAEN3Ur1q/oh5FWCyCp5KIoN6KXjxWMLbQxLLZbNqlm92wuxFLyMmLf8WLBxWv/gdv/hu3bQ7a+mDg8d4MM/PClFGlHefbqiwsLi2vVFdra+sbm1v29s6tEpnExMOCCdkJkSKMcuJpqhnppJKgJGSkHQ4vx377nkhFBb/Ro5QECepzGlOMtJF69j65yyn0Y4lwnkIfR0LDhyL3ByGSRdGz607DmQDOE7ckdVCi1bO//EjgLCFcY4aU6rpOqoMcSU0xI0XNzxRJER6iPukaylFCVJBP3ijgoVEiGAtpims4UX9P5ChRapSEpjNBeqBmvbH4n9fNdHwW5JSnmSYcTxfFGYNawHEmMKKSYM1GhiAsqbkV4gEykWiTXM2E4M6+PE+848Z5w7k+qTcvyjSqYA8cgCPgglPQBFegBTyAwSN4Bq/gzXqyXqx362PaWrHKmV3wB9bnD9zOmPM=</latexit><latexit sha1_base64="7q6c2cnMwppFtXaxpxD7gVoqhMo=">AAACBXicbVBNS8NAEN3Ur1q/oh5FWCyCp5KIoN6KXjxWMLbQxLLZbNqlm92wuxFLyMmLf8WLBxWv/gdv/hu3bQ7a+mDg8d4MM/PClFGlHefbqiwsLi2vVFdra+sbm1v29s6tEpnExMOCCdkJkSKMcuJpqhnppJKgJGSkHQ4vx377nkhFBb/Ro5QECepzGlOMtJF69j65yyn0Y4lwnkIfR0LDhyL3ByGSRdGz607DmQDOE7ckdVCi1bO//EjgLCFcY4aU6rpOqoMcSU0xI0XNzxRJER6iPukaylFCVJBP3ijgoVEiGAtpims4UX9P5ChRapSEpjNBeqBmvbH4n9fNdHwW5JSnmSYcTxfFGYNawHEmMKKSYM1GhiAsqbkV4gEykWiTXM2E4M6+PE+848Z5w7k+qTcvyjSqYA8cgCPgglPQBFegBTyAwSN4Bq/gzXqyXqx362PaWrHKmV3wB9bnD9zOmPM=</latexit>

S =

Z
d4xL ⇠ ~ ⇠ EL

<latexit sha1_base64="tDIztnGAQrjExbjKtrylqyFsK1M=">AAACH3icbVDLSsNAFJ3UV62vqEs3g0VwVRIRdSMURXDRRUX7gCaWyWTaDp1JwsxELCF/4sZfceNCEXHXv3HSBtHWAwOHc+5lzj1exKhUljU2CguLS8srxdXS2vrG5pa5vdOUYSwwaeCQhaLtIUkYDUhDUcVIOxIEcY+Rlje8zPzWAxGShsGdGkXE5agf0B7FSGmpa544HKkBRiy5TeE5dGigoH9//Ah/9FoKHUk5dAYeElN6VeuaZatiTQDniZ2TMshR75pfjh/imJNAYYak7NhWpNwECUUxI2nJiSWJEB6iPuloGiBOpJtM7kvhgVZ82AuFfjrfRP29kSAu5Yh7ejJLLWe9TPzP68Sqd+YmNIhiRQI8/agXM6hCmJUFfSoIVmykCcKC6qwQD5BAWOlKS7oEe/bkedI8qthWxb45Llcv8jqKYA/sg0Ngg1NQBdegDhoAgyfwAt7Au/FsvBofxud0tGDkO7vgD4zxN1/Yoeg=</latexit><latexit sha1_base64="tDIztnGAQrjExbjKtrylqyFsK1M=">AAACH3icbVDLSsNAFJ3UV62vqEs3g0VwVRIRdSMURXDRRUX7gCaWyWTaDp1JwsxELCF/4sZfceNCEXHXv3HSBtHWAwOHc+5lzj1exKhUljU2CguLS8srxdXS2vrG5pa5vdOUYSwwaeCQhaLtIUkYDUhDUcVIOxIEcY+Rlje8zPzWAxGShsGdGkXE5agf0B7FSGmpa544HKkBRiy5TeE5dGigoH9//Ah/9FoKHUk5dAYeElN6VeuaZatiTQDniZ2TMshR75pfjh/imJNAYYak7NhWpNwECUUxI2nJiSWJEB6iPuloGiBOpJtM7kvhgVZ82AuFfjrfRP29kSAu5Yh7ejJLLWe9TPzP68Sqd+YmNIhiRQI8/agXM6hCmJUFfSoIVmykCcKC6qwQD5BAWOlKS7oEe/bkedI8qthWxb45Llcv8jqKYA/sg0Ngg1NQBdegDhoAgyfwAt7Au/FsvBofxud0tGDkO7vgD4zxN1/Yoeg=</latexit><latexit sha1_base64="tDIztnGAQrjExbjKtrylqyFsK1M=">AAACH3icbVDLSsNAFJ3UV62vqEs3g0VwVRIRdSMURXDRRUX7gCaWyWTaDp1JwsxELCF/4sZfceNCEXHXv3HSBtHWAwOHc+5lzj1exKhUljU2CguLS8srxdXS2vrG5pa5vdOUYSwwaeCQhaLtIUkYDUhDUcVIOxIEcY+Rlje8zPzWAxGShsGdGkXE5agf0B7FSGmpa544HKkBRiy5TeE5dGigoH9//Ah/9FoKHUk5dAYeElN6VeuaZatiTQDniZ2TMshR75pfjh/imJNAYYak7NhWpNwECUUxI2nJiSWJEB6iPuloGiBOpJtM7kvhgVZ82AuFfjrfRP29kSAu5Yh7ejJLLWe9TPzP68Sqd+YmNIhiRQI8/agXM6hCmJUFfSoIVmykCcKC6qwQD5BAWOlKS7oEe/bkedI8qthWxb45Llcv8jqKYA/sg0Ngg1NQBdegDhoAgyfwAt7Au/FsvBofxud0tGDkO7vgD4zxN1/Yoeg=</latexit><latexit sha1_base64="tDIztnGAQrjExbjKtrylqyFsK1M=">AAACH3icbVDLSsNAFJ3UV62vqEs3g0VwVRIRdSMURXDRRUX7gCaWyWTaDp1JwsxELCF/4sZfceNCEXHXv3HSBtHWAwOHc+5lzj1exKhUljU2CguLS8srxdXS2vrG5pa5vdOUYSwwaeCQhaLtIUkYDUhDUcVIOxIEcY+Rlje8zPzWAxGShsGdGkXE5agf0B7FSGmpa544HKkBRiy5TeE5dGigoH9//Ah/9FoKHUk5dAYeElN6VeuaZatiTQDniZ2TMshR75pfjh/imJNAYYak7NhWpNwECUUxI2nJiSWJEB6iPuloGiBOpJtM7kvhgVZ82AuFfjrfRP29kSAu5Yh7ejJLLWe9TPzP68Sqd+YmNIhiRQI8/agXM6hCmJUFfSoIVmykCcKC6qwQD5BAWOlKS7oEe/bkedI8qthWxb45Llcv8jqKYA/sg0Ngg1NQBdegDhoAgyfwAt7Au/FsvBofxud0tGDkO7vgD4zxN1/Yoeg=</latexit>

M(2 ! 2) ⇠ g2⇤
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Symmetries are preserved by the renormalization group flow.*

µ
<latexit sha1_base64="UFOX4zita877+Ikq+M6IENXmVh0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOZpMhM7PLTK8QQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZIZxhsskYlpR9RyKTRvoEDJ26nhVEWSt6LR7cxvPXFjRaIfcZzyUNGBFrFgFJ300FVZr1zxq/4cZJUEOalAjnqv/NXtJyxTXCOT1NpO4KcYTqhBwSSflrqZ5SllIzrgHUc1VdyGk/mpU3LmlD6JE+NKI5mrvycmVFk7VpHrVBSHdtmbif95nQzj63AidJoh12yxKM4kwYTM/iZ9YThDOXaEMiPcrYQNqaEMXTolF0Kw/PIqaV5UA78a3F9Wajd5HEU4gVM4hwCuoAZ3UIcGMBjAM7zCmye9F+/d+1i0Frx85hj+wPv8AV1ejdY=</latexit><latexit sha1_base64="UFOX4zita877+Ikq+M6IENXmVh0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOZpMhM7PLTK8QQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZIZxhsskYlpR9RyKTRvoEDJ26nhVEWSt6LR7cxvPXFjRaIfcZzyUNGBFrFgFJ300FVZr1zxq/4cZJUEOalAjnqv/NXtJyxTXCOT1NpO4KcYTqhBwSSflrqZ5SllIzrgHUc1VdyGk/mpU3LmlD6JE+NKI5mrvycmVFk7VpHrVBSHdtmbif95nQzj63AidJoh12yxKM4kwYTM/iZ9YThDOXaEMiPcrYQNqaEMXTolF0Kw/PIqaV5UA78a3F9Wajd5HEU4gVM4hwCuoAZ3UIcGMBjAM7zCmye9F+/d+1i0Frx85hj+wPv8AV1ejdY=</latexit><latexit sha1_base64="UFOX4zita877+Ikq+M6IENXmVh0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOZpMhM7PLTK8QQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZIZxhsskYlpR9RyKTRvoEDJ26nhVEWSt6LR7cxvPXFjRaIfcZzyUNGBFrFgFJ300FVZr1zxq/4cZJUEOalAjnqv/NXtJyxTXCOT1NpO4KcYTqhBwSSflrqZ5SllIzrgHUc1VdyGk/mpU3LmlD6JE+NKI5mrvycmVFk7VpHrVBSHdtmbif95nQzj63AidJoh12yxKM4kwYTM/iZ9YThDOXaEMiPcrYQNqaEMXTolF0Kw/PIqaV5UA78a3F9Wajd5HEU4gVM4hwCuoAZ3UIcGMBjAM7zCmye9F+/d+1i0Frx85hj+wPv8AV1ejdY=</latexit><latexit sha1_base64="UFOX4zita877+Ikq+M6IENXmVh0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOZpMhM7PLTK8QQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZIZxhsskYlpR9RyKTRvoEDJ26nhVEWSt6LR7cxvPXFjRaIfcZzyUNGBFrFgFJ300FVZr1zxq/4cZJUEOalAjnqv/NXtJyxTXCOT1NpO4KcYTqhBwSSflrqZ5SllIzrgHUc1VdyGk/mpU3LmlD6JE+NKI5mrvycmVFk7VpHrVBSHdtmbif95nQzj63AidJoh12yxKM4kwYTM/iZ9YThDOXaEMiPcrYQNqaEMXTolF0Kw/PIqaV5UA78a3F9Wajd5HEU4gVM4hwCuoAZ3UIcGMBjAM7zCmye9F+/d+1i0Frx85hj+wPv8AV1ejdY=</latexit>
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<latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit><latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit><latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit>

General Relativity: 

M ⇠
✓

E

MPl

◆2

<latexit sha1_base64="pEIlNiFSAmVVP/9w6SM8MyVEi2o=">AAACIXicbVDLSgMxFM34rPVVdekmWIS6KdMiaHdFEdwUKlhb6NSSSTNtaDIzJHeEEuZb3PgrblyodCf+jOljoa0HAodzzuXmHj8WXIPrfjkrq2vrG5uZrez2zu7efu7g8EFHiaKsQSMRqZZPNBM8ZA3gIFgrVoxIX7CmP7ye+M0npjSPwnsYxawjST/kAacErNTNVTxJYECJMLUUe5pL7AkWQAF7gSLU3KSm1jWekqYu0tQmFO8P4OzRlNNuLu8W3SnwMinNSR7NUe/mxl4voolkIVBBtG6X3Bg6hijgVLA06yWaxYQOSZ+1LQ2JZLpjpiem+NQqPRxEyr4Q8FT9PWGI1HokfZucHKQXvYn4n9dOILjsGB7GCbCQzhYFicAQ4UlfuMcVoyBGlhCquP0rpgNiuwHbataWUFo8eZk0ysVK0b07z1ev5m1k0DE6QQVUQheoim5RHTUQRc/oFb2jD+fFeXM+nfEsuuLMZ47QHzjfP3FEpHI=</latexit><latexit sha1_base64="pEIlNiFSAmVVP/9w6SM8MyVEi2o=">AAACIXicbVDLSgMxFM34rPVVdekmWIS6KdMiaHdFEdwUKlhb6NSSSTNtaDIzJHeEEuZb3PgrblyodCf+jOljoa0HAodzzuXmHj8WXIPrfjkrq2vrG5uZrez2zu7efu7g8EFHiaKsQSMRqZZPNBM8ZA3gIFgrVoxIX7CmP7ye+M0npjSPwnsYxawjST/kAacErNTNVTxJYECJMLUUe5pL7AkWQAF7gSLU3KSm1jWekqYu0tQmFO8P4OzRlNNuLu8W3SnwMinNSR7NUe/mxl4voolkIVBBtG6X3Bg6hijgVLA06yWaxYQOSZ+1LQ2JZLpjpiem+NQqPRxEyr4Q8FT9PWGI1HokfZucHKQXvYn4n9dOILjsGB7GCbCQzhYFicAQ4UlfuMcVoyBGlhCquP0rpgNiuwHbataWUFo8eZk0ysVK0b07z1ev5m1k0DE6QQVUQheoim5RHTUQRc/oFb2jD+fFeXM+nfEsuuLMZ47QHzjfP3FEpHI=</latexit><latexit sha1_base64="pEIlNiFSAmVVP/9w6SM8MyVEi2o=">AAACIXicbVDLSgMxFM34rPVVdekmWIS6KdMiaHdFEdwUKlhb6NSSSTNtaDIzJHeEEuZb3PgrblyodCf+jOljoa0HAodzzuXmHj8WXIPrfjkrq2vrG5uZrez2zu7efu7g8EFHiaKsQSMRqZZPNBM8ZA3gIFgrVoxIX7CmP7ye+M0npjSPwnsYxawjST/kAacErNTNVTxJYECJMLUUe5pL7AkWQAF7gSLU3KSm1jWekqYu0tQmFO8P4OzRlNNuLu8W3SnwMinNSR7NUe/mxl4voolkIVBBtG6X3Bg6hijgVLA06yWaxYQOSZ+1LQ2JZLpjpiem+NQqPRxEyr4Q8FT9PWGI1HokfZucHKQXvYn4n9dOILjsGB7GCbCQzhYFicAQ4UlfuMcVoyBGlhCquP0rpgNiuwHbataWUFo8eZk0ysVK0b07z1ev5m1k0DE6QQVUQheoim5RHTUQRc/oFb2jD+fFeXM+nfEsuuLMZ47QHzjfP3FEpHI=</latexit>

h
<latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit><latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit><latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit>

h
<latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit><latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit><latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit>

h
<latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit><latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit><latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit>

NDA
⇤ ⇠ gsMPl

<latexit sha1_base64="TeIoxQUaaF0rcX0/f1ehzdsPd3E=">AAACBHicbVBPS8MwHE3nvzn/VT3qITgET6MTQb0NvXhQmGDdYC0lTdMtLElLkgqj9OLFr+LFg4pXP4Q3v43Z1oNuPgg83ns/fvm9MGVUacf5tioLi0vLK9XV2tr6xuaWvb1zr5JMYuLihCWyGyJFGBXE1VQz0k0lQTxkpBMOL8d+54FIRRNxp0cp8TnqCxpTjLSRAnvfuzbhCEFPUQ77gYI3Qe5JnrdZUQR23Wk4E8B50ixJHZRoB/aXFyU440RozJBSvaaTaj9HUlPMSFHzMkVShIeoT3qGCsSJ8vPJFQU8NEoE40SaJzScqL8ncsSVGvHQJDnSAzXrjcX/vF6m4zM/pyLNNBF4uijOGNQJHFcCIyoJ1mxkCMKSmr9CPEASYW2Kq5kSmrMnzxP3uHHecG5P6q2Lso0q2AMH4Ag0wSlogSvQBi7A4BE8g1fwZj1ZL9a79TGNVqxyZhf8gfX5A0qqmAQ=</latexit><latexit sha1_base64="TeIoxQUaaF0rcX0/f1ehzdsPd3E=">AAACBHicbVBPS8MwHE3nvzn/VT3qITgET6MTQb0NvXhQmGDdYC0lTdMtLElLkgqj9OLFr+LFg4pXP4Q3v43Z1oNuPgg83ns/fvm9MGVUacf5tioLi0vLK9XV2tr6xuaWvb1zr5JMYuLihCWyGyJFGBXE1VQz0k0lQTxkpBMOL8d+54FIRRNxp0cp8TnqCxpTjLSRAnvfuzbhCEFPUQ77gYI3Qe5JnrdZUQR23Wk4E8B50ixJHZRoB/aXFyU440RozJBSvaaTaj9HUlPMSFHzMkVShIeoT3qGCsSJ8vPJFQU8NEoE40SaJzScqL8ncsSVGvHQJDnSAzXrjcX/vF6m4zM/pyLNNBF4uijOGNQJHFcCIyoJ1mxkCMKSmr9CPEASYW2Kq5kSmrMnzxP3uHHecG5P6q2Lso0q2AMH4Ag0wSlogSvQBi7A4BE8g1fwZj1ZL9a79TGNVqxyZhf8gfX5A0qqmAQ=</latexit><latexit sha1_base64="TeIoxQUaaF0rcX0/f1ehzdsPd3E=">AAACBHicbVBPS8MwHE3nvzn/VT3qITgET6MTQb0NvXhQmGDdYC0lTdMtLElLkgqj9OLFr+LFg4pXP4Q3v43Z1oNuPgg83ns/fvm9MGVUacf5tioLi0vLK9XV2tr6xuaWvb1zr5JMYuLihCWyGyJFGBXE1VQz0k0lQTxkpBMOL8d+54FIRRNxp0cp8TnqCxpTjLSRAnvfuzbhCEFPUQ77gYI3Qe5JnrdZUQR23Wk4E8B50ixJHZRoB/aXFyU440RozJBSvaaTaj9HUlPMSFHzMkVShIeoT3qGCsSJ8vPJFQU8NEoE40SaJzScqL8ncsSVGvHQJDnSAzXrjcX/vF6m4zM/pyLNNBF4uijOGNQJHFcCIyoJ1mxkCMKSmr9CPEASYW2Kq5kSmrMnzxP3uHHecG5P6q2Lso0q2AMH4Ag0wSlogSvQBi7A4BE8g1fwZj1ZL9a79TGNVqxyZhf8gfX5A0qqmAQ=</latexit>

Theoretical prediction of e.g. string theory.

Gravity needs UV completion.

gµ⌫ = ⌘µ⌫ + hµ⌫
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>
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<latexit sha1_base64="cvhYQwrL1AwhNG45zJV4ElCHJEQ="></latexit>



Standard Model pre-LHC: non-Abelian massive spin-1 theory
(3 = 2 + 1 d.o.f.)

Ls=1 = � 1

4g2
F a
µ⌫F

aµ⌫ +
1

2
v2Aa

µA
aµ + · · ·

<latexit sha1_base64="svtfPJxM5uBCiFFv3Df3OFr0gM0="></latexit><latexit sha1_base64="svtfPJxM5uBCiFFv3Df3OFr0gM0="></latexit><latexit sha1_base64="svtfPJxM5uBCiFFv3Df3OFr0gM0="></latexit><latexit sha1_base64="svtfPJxM5uBCiFFv3Df3OFr0gM0="></latexit>

Aµ ! Âµ ⌘ Aµ + @µ⇡
<latexit sha1_base64="6PgkPdXM02jDCvMZuYb4GeGIOdU=">AAACHHicbVDLSsNAFJ3UV62vqEs3g0UQhJJIQd1V3bisYGyhCWEynbRDJ5M4j0Ip/RE3/oobFypuXAj+jZM2C209MHDuOffOzD1RxqhUjvNtlZaWV1bXyuuVjc2t7R17d+9eplpg4uGUpaIdIUkY5cRTVDHSzgRBScRIKxpc535rSISkKb9To4wECepxGlOMlJFCu34Z+omGvkqh30cKFiV50HRYFCfQz5BQFLGZl9HQrjo1Zwq4SNyCVEGBZmh/+t0U64RwhRmSsuM6mQrG+a2YkUnF15JkCA9Qj3QM5SghMhhPt5vAI6N0YZwKc7iCU/X3xBglUo6SyHQmSPXlvJeL/3kdreLzYEx5phXhePZQrBk0WeRRwS4VBCs2MgRhQc1fIe4jgbAygVZMCO78yovEO61d1NzberVxVaRRBgfgEBwDF5yBBrgBTeABDB7BM3gFb9aT9WK9Wx+z1pJVzOyDP7C+fgDddKDF</latexit><latexit sha1_base64="6PgkPdXM02jDCvMZuYb4GeGIOdU=">AAACHHicbVDLSsNAFJ3UV62vqEs3g0UQhJJIQd1V3bisYGyhCWEynbRDJ5M4j0Ip/RE3/oobFypuXAj+jZM2C209MHDuOffOzD1RxqhUjvNtlZaWV1bXyuuVjc2t7R17d+9eplpg4uGUpaIdIUkY5cRTVDHSzgRBScRIKxpc535rSISkKb9To4wECepxGlOMlJFCu34Z+omGvkqh30cKFiV50HRYFCfQz5BQFLGZl9HQrjo1Zwq4SNyCVEGBZmh/+t0U64RwhRmSsuM6mQrG+a2YkUnF15JkCA9Qj3QM5SghMhhPt5vAI6N0YZwKc7iCU/X3xBglUo6SyHQmSPXlvJeL/3kdreLzYEx5phXhePZQrBk0WeRRwS4VBCs2MgRhQc1fIe4jgbAygVZMCO78yovEO61d1NzberVxVaRRBgfgEBwDF5yBBrgBTeABDB7BM3gFb9aT9WK9Wx+z1pJVzOyDP7C+fgDddKDF</latexit><latexit sha1_base64="6PgkPdXM02jDCvMZuYb4GeGIOdU=">AAACHHicbVDLSsNAFJ3UV62vqEs3g0UQhJJIQd1V3bisYGyhCWEynbRDJ5M4j0Ip/RE3/oobFypuXAj+jZM2C209MHDuOffOzD1RxqhUjvNtlZaWV1bXyuuVjc2t7R17d+9eplpg4uGUpaIdIUkY5cRTVDHSzgRBScRIKxpc535rSISkKb9To4wECepxGlOMlJFCu34Z+omGvkqh30cKFiV50HRYFCfQz5BQFLGZl9HQrjo1Zwq4SNyCVEGBZmh/+t0U64RwhRmSsuM6mQrG+a2YkUnF15JkCA9Qj3QM5SghMhhPt5vAI6N0YZwKc7iCU/X3xBglUo6SyHQmSPXlvJeL/3kdreLzYEx5phXhePZQrBk0WeRRwS4VBCs2MgRhQc1fIe4jgbAygVZMCO78yovEO61d1NzberVxVaRRBgfgEBwDF5yBBrgBTeABDB7BM3gFb9aT9WK9Wx+z1pJVzOyDP7C+fgDddKDF</latexit><latexit sha1_base64="6PgkPdXM02jDCvMZuYb4GeGIOdU=">AAACHHicbVDLSsNAFJ3UV62vqEs3g0UQhJJIQd1V3bisYGyhCWEynbRDJ5M4j0Ip/RE3/oobFypuXAj+jZM2C209MHDuOffOzD1RxqhUjvNtlZaWV1bXyuuVjc2t7R17d+9eplpg4uGUpaIdIUkY5cRTVDHSzgRBScRIKxpc535rSISkKb9To4wECepxGlOMlJFCu34Z+omGvkqh30cKFiV50HRYFCfQz5BQFLGZl9HQrjo1Zwq4SNyCVEGBZmh/+t0U64RwhRmSsuM6mQrG+a2YkUnF15JkCA9Qj3QM5SghMhhPt5vAI6N0YZwKc7iCU/X3xBglUo6SyHQmSPXlvJeL/3kdreLzYEx5phXhePZQrBk0WeRRwS4VBCs2MgRhQc1fIe4jgbAygVZMCO78yovEO61d1NzberVxVaRRBgfgEBwDF5yBBrgBTeABDB7BM3gFb9aT9WK9Wx+z1pJVzOyDP7C+fgDddKDF</latexit>

manifest gauge invariance
Stueckelberg trick

Aµ ! Aµ � @µ✓

⇡ ! ⇡ + ✓
<latexit sha1_base64="Yjot2iJ4nq4hgnABwkscHmlOBNo=">AAACKnicbZDLSgMxFIYz9VbrbdSlm2BRBLHMiKDLVjcuK9gLNMOQSdM2NHMhOSOU0udx46u46UIpbn0QM+0stPVA4Mv/n0Ny/iCRQoPjzKzC2vrG5lZxu7Szu7d/YB8eNXWcKsYbLJaxagdUcyki3gABkrcTxWkYSN4Khg+Z33rhSos4eoZRwr2Q9iPRE4yCkXy7VvNJmOJzTCDGC77CJKEKBJXzK4EBB4oJKZFE5I0ZXeaOb5edijMvvApuDmWUV923p6QbszTkETBJte64TgLeOHuSST4pkVTzhLIh7fOOwYiGXHvj+aoTfGaULu7FypwI8Fz9PTGmodajMDCdIYWBXvYy8T+vk0LvzhuLKEmBR2zxUC+V2Gyb5Ya7QnEGcmSAMiXMXzEbUEUZmHRLJgR3eeVVaF5XXKfiPt2Uq/d5HEV0gk7RBXLRLaqiR1RHDcTQK3pHH+jTerOm1sz6WrQWrHzmGP0p6/sH9G6kiQ==</latexit><latexit sha1_base64="Yjot2iJ4nq4hgnABwkscHmlOBNo=">AAACKnicbZDLSgMxFIYz9VbrbdSlm2BRBLHMiKDLVjcuK9gLNMOQSdM2NHMhOSOU0udx46u46UIpbn0QM+0stPVA4Mv/n0Ny/iCRQoPjzKzC2vrG5lZxu7Szu7d/YB8eNXWcKsYbLJaxagdUcyki3gABkrcTxWkYSN4Khg+Z33rhSos4eoZRwr2Q9iPRE4yCkXy7VvNJmOJzTCDGC77CJKEKBJXzK4EBB4oJKZFE5I0ZXeaOb5edijMvvApuDmWUV923p6QbszTkETBJte64TgLeOHuSST4pkVTzhLIh7fOOwYiGXHvj+aoTfGaULu7FypwI8Fz9PTGmodajMDCdIYWBXvYy8T+vk0LvzhuLKEmBR2zxUC+V2Gyb5Ya7QnEGcmSAMiXMXzEbUEUZmHRLJgR3eeVVaF5XXKfiPt2Uq/d5HEV0gk7RBXLRLaqiR1RHDcTQK3pHH+jTerOm1sz6WrQWrHzmGP0p6/sH9G6kiQ==</latexit><latexit sha1_base64="Yjot2iJ4nq4hgnABwkscHmlOBNo=">AAACKnicbZDLSgMxFIYz9VbrbdSlm2BRBLHMiKDLVjcuK9gLNMOQSdM2NHMhOSOU0udx46u46UIpbn0QM+0stPVA4Mv/n0Ny/iCRQoPjzKzC2vrG5lZxu7Szu7d/YB8eNXWcKsYbLJaxagdUcyki3gABkrcTxWkYSN4Khg+Z33rhSos4eoZRwr2Q9iPRE4yCkXy7VvNJmOJzTCDGC77CJKEKBJXzK4EBB4oJKZFE5I0ZXeaOb5edijMvvApuDmWUV923p6QbszTkETBJte64TgLeOHuSST4pkVTzhLIh7fOOwYiGXHvj+aoTfGaULu7FypwI8Fz9PTGmodajMDCdIYWBXvYy8T+vk0LvzhuLKEmBR2zxUC+V2Gyb5Ya7QnEGcmSAMiXMXzEbUEUZmHRLJgR3eeVVaF5XXKfiPt2Uq/d5HEV0gk7RBXLRLaqiR1RHDcTQK3pHH+jTerOm1sz6WrQWrHzmGP0p6/sH9G6kiQ==</latexit><latexit sha1_base64="Yjot2iJ4nq4hgnABwkscHmlOBNo=">AAACKnicbZDLSgMxFIYz9VbrbdSlm2BRBLHMiKDLVjcuK9gLNMOQSdM2NHMhOSOU0udx46u46UIpbn0QM+0stPVA4Mv/n0Ny/iCRQoPjzKzC2vrG5lZxu7Szu7d/YB8eNXWcKsYbLJaxagdUcyki3gABkrcTxWkYSN4Khg+Z33rhSos4eoZRwr2Q9iPRE4yCkXy7VvNJmOJzTCDGC77CJKEKBJXzK4EBB4oJKZFE5I0ZXeaOb5edijMvvApuDmWUV923p6QbszTkETBJte64TgLeOHuSST4pkVTzhLIh7fOOwYiGXHvj+aoTfGaULu7FypwI8Fz9PTGmodajMDCdIYWBXvYy8T+vk0LvzhuLKEmBR2zxUC+V2Gyb5Ya7QnEGcmSAMiXMXzEbUEUZmHRLJgR3eeVVaF5XXKfiPt2Uq/d5HEV0gk7RBXLRLaqiR1RHDcTQK3pHH+jTerOm1sz6WrQWrHzmGP0p6/sH9G6kiQ==</latexit>

Theoretical prediction of the Higgs boson.

(2 d.o.f.)

(1 d.o.f.)

⇡
<latexit sha1_base64="1TdRIZip6F7XRigxqgM0ilyDyUs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvpuKXrXm1t0ZyDLxClKDAs1e9avbT1gWc4VMUmM6nptikFONgkk+qXQzw1PKRnTAO5YqGnMT5LNTJ+TEKn0SJdqWQjJTf0/kNDZmHIe2M6Y4NIveVPzP62QYXQa5UGmGXLH5oiiTBBMy/Zv0heYM5dgSyrSwtxI2pJoytOlUbAje4svLxD+rX9Xdu/Na47pIowxHcAyn4MEFNOAWmuADgwE8wyu8OdJ5cd6dj3lrySlmDuEPnM8fvQONoA==</latexit><latexit sha1_base64="1TdRIZip6F7XRigxqgM0ilyDyUs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvpuKXrXm1t0ZyDLxClKDAs1e9avbT1gWc4VMUmM6nptikFONgkk+qXQzw1PKRnTAO5YqGnMT5LNTJ+TEKn0SJdqWQjJTf0/kNDZmHIe2M6Y4NIveVPzP62QYXQa5UGmGXLH5oiiTBBMy/Zv0heYM5dgSyrSwtxI2pJoytOlUbAje4svLxD+rX9Xdu/Na47pIowxHcAyn4MEFNOAWmuADgwE8wyu8OdJ5cd6dj3lrySlmDuEPnM8fvQONoA==</latexit><latexit sha1_base64="1TdRIZip6F7XRigxqgM0ilyDyUs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvpuKXrXm1t0ZyDLxClKDAs1e9avbT1gWc4VMUmM6nptikFONgkk+qXQzw1PKRnTAO5YqGnMT5LNTJ+TEKn0SJdqWQjJTf0/kNDZmHIe2M6Y4NIveVPzP62QYXQa5UGmGXLH5oiiTBBMy/Zv0heYM5dgSyrSwtxI2pJoytOlUbAje4svLxD+rX9Xdu/Na47pIowxHcAyn4MEFNOAWmuADgwE8wyu8OdJ5cd6dj3lrySlmDuEPnM8fvQONoA==</latexit>

NDA

⇡
<latexit sha1_base64="1TdRIZip6F7XRigxqgM0ilyDyUs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvpuKXrXm1t0ZyDLxClKDAs1e9avbT1gWc4VMUmM6nptikFONgkk+qXQzw1PKRnTAO5YqGnMT5LNTJ+TEKn0SJdqWQjJTf0/kNDZmHIe2M6Y4NIveVPzP62QYXQa5UGmGXLH5oiiTBBMy/Zv0heYM5dgSyrSwtxI2pJoytOlUbAje4svLxD+rX9Xdu/Na47pIowxHcAyn4MEFNOAWmuADgwE8wyu8OdJ5cd6dj3lrySlmDuEPnM8fvQONoA==</latexit><latexit sha1_base64="1TdRIZip6F7XRigxqgM0ilyDyUs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvpuKXrXm1t0ZyDLxClKDAs1e9avbT1gWc4VMUmM6nptikFONgkk+qXQzw1PKRnTAO5YqGnMT5LNTJ+TEKn0SJdqWQjJTf0/kNDZmHIe2M6Y4NIveVPzP62QYXQa5UGmGXLH5oiiTBBMy/Zv0heYM5dgSyrSwtxI2pJoytOlUbAje4svLxD+rX9Xdu/Na47pIowxHcAyn4MEFNOAWmuADgwE8wyu8OdJ5cd6dj3lrySlmDuEPnM8fvQONoA==</latexit><latexit sha1_base64="1TdRIZip6F7XRigxqgM0ilyDyUs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvpuKXrXm1t0ZyDLxClKDAs1e9avbT1gWc4VMUmM6nptikFONgkk+qXQzw1PKRnTAO5YqGnMT5LNTJ+TEKn0SJdqWQjJTf0/kNDZmHIe2M6Y4NIveVPzP62QYXQa5UGmGXLH5oiiTBBMy/Zv0heYM5dgSyrSwtxI2pJoytOlUbAje4svLxD+rX9Xdu/Na47pIowxHcAyn4MEFNOAWmuADgwE8wyu8OdJ5cd6dj3lrySlmDuEPnM8fvQONoA==</latexit>

⇡
<latexit sha1_base64="1TdRIZip6F7XRigxqgM0ilyDyUs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvpuKXrXm1t0ZyDLxClKDAs1e9avbT1gWc4VMUmM6nptikFONgkk+qXQzw1PKRnTAO5YqGnMT5LNTJ+TEKn0SJdqWQjJTf0/kNDZmHIe2M6Y4NIveVPzP62QYXQa5UGmGXLH5oiiTBBMy/Zv0heYM5dgSyrSwtxI2pJoytOlUbAje4svLxD+rX9Xdu/Na47pIowxHcAyn4MEFNOAWmuADgwE8wyu8OdJ5cd6dj3lrySlmDuEPnM8fvQONoA==</latexit><latexit sha1_base64="1TdRIZip6F7XRigxqgM0ilyDyUs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvpuKXrXm1t0ZyDLxClKDAs1e9avbT1gWc4VMUmM6nptikFONgkk+qXQzw1PKRnTAO5YqGnMT5LNTJ+TEKn0SJdqWQjJTf0/kNDZmHIe2M6Y4NIveVPzP62QYXQa5UGmGXLH5oiiTBBMy/Zv0heYM5dgSyrSwtxI2pJoytOlUbAje4svLxD+rX9Xdu/Na47pIowxHcAyn4MEFNOAWmuADgwE8wyu8OdJ5cd6dj3lrySlmDuEPnM8fvQONoA==</latexit><latexit sha1_base64="1TdRIZip6F7XRigxqgM0ilyDyUs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvpuKXrXm1t0ZyDLxClKDAs1e9avbT1gWc4VMUmM6nptikFONgkk+qXQzw1PKRnTAO5YqGnMT5LNTJ+TEKn0SJdqWQjJTf0/kNDZmHIe2M6Y4NIveVPzP62QYXQa5UGmGXLH5oiiTBBMy/Zv0heYM5dgSyrSwtxI2pJoytOlUbAje4svLxD+rX9Xdu/Na47pIowxHcAyn4MEFNOAWmuADgwE8wyu8OdJ5cd6dj3lrySlmDuEPnM8fvQONoA==</latexit>

⇡
<latexit sha1_base64="1TdRIZip6F7XRigxqgM0ilyDyUs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvpuKXrXm1t0ZyDLxClKDAs1e9avbT1gWc4VMUmM6nptikFONgkk+qXQzw1PKRnTAO5YqGnMT5LNTJ+TEKn0SJdqWQjJTf0/kNDZmHIe2M6Y4NIveVPzP62QYXQa5UGmGXLH5oiiTBBMy/Zv0heYM5dgSyrSwtxI2pJoytOlUbAje4svLxD+rX9Xdu/Na47pIowxHcAyn4MEFNOAWmuADgwE8wyu8OdJ5cd6dj3lrySlmDuEPnM8fvQONoA==</latexit><latexit sha1_base64="1TdRIZip6F7XRigxqgM0ilyDyUs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvpuKXrXm1t0ZyDLxClKDAs1e9avbT1gWc4VMUmM6nptikFONgkk+qXQzw1PKRnTAO5YqGnMT5LNTJ+TEKn0SJdqWQjJTf0/kNDZmHIe2M6Y4NIveVPzP62QYXQa5UGmGXLH5oiiTBBMy/Zv0heYM5dgSyrSwtxI2pJoytOlUbAje4svLxD+rX9Xdu/Na47pIowxHcAyn4MEFNOAWmuADgwE8wyu8OdJ5cd6dj3lrySlmDuEPnM8fvQONoA==</latexit><latexit sha1_base64="1TdRIZip6F7XRigxqgM0ilyDyUs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvpuKXrXm1t0ZyDLxClKDAs1e9avbT1gWc4VMUmM6nptikFONgkk+qXQzw1PKRnTAO5YqGnMT5LNTJ+TEKn0SJdqWQjJTf0/kNDZmHIe2M6Y4NIveVPzP62QYXQa5UGmGXLH5oiiTBBMy/Zv0heYM5dgSyrSwtxI2pJoytOlUbAje4svLxD+rX9Xdu/Na47pIowxHcAyn4MEFNOAWmuADgwE8wyu8OdJ5cd6dj3lrySlmDuEPnM8fvQONoA==</latexit>

⇤ ⇠ ghv
<latexit sha1_base64="t+RBRlR9A6xfPICMGq1XDZEmxeg=">AAAB+3icbVBNS8NAFHypX7V+xXr0slgETyURQY9FLx48VLC10ISw2WzapZtN2N0US+hf8eJBEa/+EW/+G7dtDto6sDDMzOO9nTDjTGnH+bYqa+sbm1vV7drO7t7+gX1Y76o0l4R2SMpT2QuxopwJ2tFMc9rLJMVJyOljOLqZ+Y9jKhVLxYOeZNRP8ECwmBGsjRTYde/OhCOMPMUSNAiGaBzYDafpzIFWiVuSBpRoB/aXF6UkT6jQhGOl+q6Tab/AUjPC6bTm5YpmmIzwgPYNFTihyi/mt0/RqVEiFKfSPKHRXP09UeBEqUkSmmSC9VAtezPxP6+f6/jKL5jIck0FWSyKc450imZFoIhJSjSfGIKJZOZWRIZYYqJNXTVTgrv85VXSPW+6TtO9v2i0rss6qnAMJ3AGLlxCC26hDR0g8ATP8Apv1tR6sd6tj0W0YpUzR/AH1ucP1YuTpQ==</latexit><latexit sha1_base64="t+RBRlR9A6xfPICMGq1XDZEmxeg=">AAAB+3icbVBNS8NAFHypX7V+xXr0slgETyURQY9FLx48VLC10ISw2WzapZtN2N0US+hf8eJBEa/+EW/+G7dtDto6sDDMzOO9nTDjTGnH+bYqa+sbm1vV7drO7t7+gX1Y76o0l4R2SMpT2QuxopwJ2tFMc9rLJMVJyOljOLqZ+Y9jKhVLxYOeZNRP8ECwmBGsjRTYde/OhCOMPMUSNAiGaBzYDafpzIFWiVuSBpRoB/aXF6UkT6jQhGOl+q6Tab/AUjPC6bTm5YpmmIzwgPYNFTihyi/mt0/RqVEiFKfSPKHRXP09UeBEqUkSmmSC9VAtezPxP6+f6/jKL5jIck0FWSyKc450imZFoIhJSjSfGIKJZOZWRIZYYqJNXTVTgrv85VXSPW+6TtO9v2i0rss6qnAMJ3AGLlxCC26hDR0g8ATP8Apv1tR6sd6tj0W0YpUzR/AH1ucP1YuTpQ==</latexit><latexit sha1_base64="t+RBRlR9A6xfPICMGq1XDZEmxeg=">AAAB+3icbVBNS8NAFHypX7V+xXr0slgETyURQY9FLx48VLC10ISw2WzapZtN2N0US+hf8eJBEa/+EW/+G7dtDto6sDDMzOO9nTDjTGnH+bYqa+sbm1vV7drO7t7+gX1Y76o0l4R2SMpT2QuxopwJ2tFMc9rLJMVJyOljOLqZ+Y9jKhVLxYOeZNRP8ECwmBGsjRTYde/OhCOMPMUSNAiGaBzYDafpzIFWiVuSBpRoB/aXF6UkT6jQhGOl+q6Tab/AUjPC6bTm5YpmmIzwgPYNFTihyi/mt0/RqVEiFKfSPKHRXP09UeBEqUkSmmSC9VAtezPxP6+f6/jKL5jIck0FWSyKc450imZFoIhJSjSfGIKJZOZWRIZYYqJNXTVTgrv85VXSPW+6TtO9v2i0rss6qnAMJ3AGLlxCC26hDR0g8ATP8Apv1tR6sd6tj0W0YpUzR/AH1ucP1YuTpQ==</latexit><latexit sha1_base64="t+RBRlR9A6xfPICMGq1XDZEmxeg=">AAAB+3icbVBNS8NAFHypX7V+xXr0slgETyURQY9FLx48VLC10ISw2WzapZtN2N0US+hf8eJBEa/+EW/+G7dtDto6sDDMzOO9nTDjTGnH+bYqa+sbm1vV7drO7t7+gX1Y76o0l4R2SMpT2QuxopwJ2tFMc9rLJMVJyOljOLqZ+Y9jKhVLxYOeZNRP8ECwmBGsjRTYde/OhCOMPMUSNAiGaBzYDafpzIFWiVuSBpRoB/aXF6UkT6jQhGOl+q6Tab/AUjPC6bTm5YpmmIzwgPYNFTihyi/mt0/RqVEiFKfSPKHRXP09UeBEqUkSmmSC9VAtezPxP6+f6/jKL5jIck0FWSyKc450imZFoIhJSjSfGIKJZOZWRIZYYqJNXTVTgrv85VXSPW+6TtO9v2i0rss6qnAMJ3AGLlxCC26hDR0g8ATP8Apv1tR6sd6tj0W0YpUzR/AH1ucP1YuTpQ==</latexit>

M ⇠
✓
E

v

◆2

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

L⇡ =
1

2
(@⇡a)2 +

1

v2
(⇡a@⇡a)2 + · · ·

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



S-matrix Constraints



S-matrix Theory

Unitarity: 

S = I+ i(2⇡)4�(p)M
<latexit sha1_base64="JQF6acQlcywFrnef3q2Mj4QJujI=">AAACGnicbVDLSsNAFJ3UV62vqEs3g0VoEUpaCupCKLrRhVDR2EITy2QyaYdOHsxMhBLyH278FTcuVNyJG//GSZuFth4YOJxzLnPvcSJGhTSMb62wsLi0vFJcLa2tb2xu6ds7dyKMOSYmDlnIuw4ShNGAmJJKRroRJ8h3GOk4o/PM7zwQLmgY3MpxRGwfDQLqUYykkvp64waeQstHcug4yWUKDyGFlQa0Ilq9b0LLJUyiSlSdRjBiyVXa18tGzZgAzpN6TsogR7uvf1puiGOfBBIzJESvbkTSThCXFDOSlqxYkAjhERqQnqIB8omwk8ltKTxQigu9kKsXSDhRf08kyBdi7Dsqma0oZr1M/M/rxdI7thMaRLEkAZ5+5MUMyhBmRUGXcoIlGyuCMKdqV4iHiCMsVZ0lVUJ99uR5YjZqJzXjulluneVtFMEe2AcVUAdHoAUuQBuYAINH8AxewZv2pL1o79rHNFrQ8pld8Afa1w8DRJ6N</latexit><latexit sha1_base64="JQF6acQlcywFrnef3q2Mj4QJujI=">AAACGnicbVDLSsNAFJ3UV62vqEs3g0VoEUpaCupCKLrRhVDR2EITy2QyaYdOHsxMhBLyH278FTcuVNyJG//GSZuFth4YOJxzLnPvcSJGhTSMb62wsLi0vFJcLa2tb2xu6ds7dyKMOSYmDlnIuw4ShNGAmJJKRroRJ8h3GOk4o/PM7zwQLmgY3MpxRGwfDQLqUYykkvp64waeQstHcug4yWUKDyGFlQa0Ilq9b0LLJUyiSlSdRjBiyVXa18tGzZgAzpN6TsogR7uvf1puiGOfBBIzJESvbkTSThCXFDOSlqxYkAjhERqQnqIB8omwk8ltKTxQigu9kKsXSDhRf08kyBdi7Dsqma0oZr1M/M/rxdI7thMaRLEkAZ5+5MUMyhBmRUGXcoIlGyuCMKdqV4iHiCMsVZ0lVUJ99uR5YjZqJzXjulluneVtFMEe2AcVUAdHoAUuQBuYAINH8AxewZv2pL1o79rHNFrQ8pld8Afa1w8DRJ6N</latexit><latexit sha1_base64="JQF6acQlcywFrnef3q2Mj4QJujI=">AAACGnicbVDLSsNAFJ3UV62vqEs3g0VoEUpaCupCKLrRhVDR2EITy2QyaYdOHsxMhBLyH278FTcuVNyJG//GSZuFth4YOJxzLnPvcSJGhTSMb62wsLi0vFJcLa2tb2xu6ds7dyKMOSYmDlnIuw4ShNGAmJJKRroRJ8h3GOk4o/PM7zwQLmgY3MpxRGwfDQLqUYykkvp64waeQstHcug4yWUKDyGFlQa0Ilq9b0LLJUyiSlSdRjBiyVXa18tGzZgAzpN6TsogR7uvf1puiGOfBBIzJESvbkTSThCXFDOSlqxYkAjhERqQnqIB8omwk8ltKTxQigu9kKsXSDhRf08kyBdi7Dsqma0oZr1M/M/rxdI7thMaRLEkAZ5+5MUMyhBmRUGXcoIlGyuCMKdqV4iHiCMsVZ0lVUJ99uR5YjZqJzXjulluneVtFMEe2AcVUAdHoAUuQBuYAINH8AxewZv2pL1o79rHNFrQ8pld8Afa1w8DRJ6N</latexit>

Poincaré invariance: 

optical theorem

Little group covariant amplitudes.

 

local? causal?

Properties of scattering amplitudes in the complex plane of kinematical variables.

particle = (m, s)

S†S = I
<latexit sha1_base64="Vpw9UHK7GCzAnDpHrcCkh8rF64g=">AAACAHicbVBNS8NAEN34WetX1IvgZbEInkoignoQil70VqmxhSaWzWaTLt1swu5GKKFe/CtePKh49Wd489+4aXPQ1gcDj/dmmJnnp4xKZVnfxtz8wuLScmWlurq2vrFpbm3fySQTmDg4YYno+EgSRjlxFFWMdFJBUOwz0vYHl4XffiBC0oTfqmFKvBhFnIYUI6WlnrnbuncDFEVEwBY8h26MVN/38+tRz6xZdWsMOEvsktRAiWbP/HKDBGcx4QozJGXXtlLl5UgoihkZVd1MkhThAYpIV1OOYiK9fPzBCB5oJYBhInRxBcfq74kcxVIOY193FhfKaa8Q//O6mQpPvZzyNFOE48miMGNQJbCIAwZUEKzYUBOEBdW3QtxHAmGlQ6vqEOzpl2eJc1Q/q9s3x7XGRZlGBeyBfXAIbHACGuAKNIEDMHgEz+AVvBlPxovxbnxMWueMcmYH/IHx+QOOApXh</latexit><latexit sha1_base64="Vpw9UHK7GCzAnDpHrcCkh8rF64g=">AAACAHicbVBNS8NAEN34WetX1IvgZbEInkoignoQil70VqmxhSaWzWaTLt1swu5GKKFe/CtePKh49Wd489+4aXPQ1gcDj/dmmJnnp4xKZVnfxtz8wuLScmWlurq2vrFpbm3fySQTmDg4YYno+EgSRjlxFFWMdFJBUOwz0vYHl4XffiBC0oTfqmFKvBhFnIYUI6WlnrnbuncDFEVEwBY8h26MVN/38+tRz6xZdWsMOEvsktRAiWbP/HKDBGcx4QozJGXXtlLl5UgoihkZVd1MkhThAYpIV1OOYiK9fPzBCB5oJYBhInRxBcfq74kcxVIOY193FhfKaa8Q//O6mQpPvZzyNFOE48miMGNQJbCIAwZUEKzYUBOEBdW3QtxHAmGlQ6vqEOzpl2eJc1Q/q9s3x7XGRZlGBeyBfXAIbHACGuAKNIEDMHgEz+AVvBlPxovxbnxMWueMcmYH/IHx+QOOApXh</latexit><latexit sha1_base64="Vpw9UHK7GCzAnDpHrcCkh8rF64g=">AAACAHicbVBNS8NAEN34WetX1IvgZbEInkoignoQil70VqmxhSaWzWaTLt1swu5GKKFe/CtePKh49Wd489+4aXPQ1gcDj/dmmJnnp4xKZVnfxtz8wuLScmWlurq2vrFpbm3fySQTmDg4YYno+EgSRjlxFFWMdFJBUOwz0vYHl4XffiBC0oTfqmFKvBhFnIYUI6WlnrnbuncDFEVEwBY8h26MVN/38+tRz6xZdWsMOEvsktRAiWbP/HKDBGcx4QozJGXXtlLl5UgoihkZVd1MkhThAYpIV1OOYiK9fPzBCB5oJYBhInRxBcfq74kcxVIOY193FhfKaa8Q//O6mQpPvZzyNFOE48miMGNQJbCIAwZUEKzYUBOEBdW3QtxHAmGlQ6vqEOzpl2eJc1Q/q9s3x7XGRZlGBeyBfXAIbHACGuAKNIEDMHgEz+AVvBlPxovxbnxMWueMcmYH/IHx+QOOApXh</latexit><latexit sha1_base64="Vpw9UHK7GCzAnDpHrcCkh8rF64g=">AAACAHicbVBNS8NAEN34WetX1IvgZbEInkoignoQil70VqmxhSaWzWaTLt1swu5GKKFe/CtePKh49Wd489+4aXPQ1gcDj/dmmJnnp4xKZVnfxtz8wuLScmWlurq2vrFpbm3fySQTmDg4YYno+EgSRjlxFFWMdFJBUOwz0vYHl4XffiBC0oTfqmFKvBhFnIYUI6WlnrnbuncDFEVEwBY8h26MVN/38+tRz6xZdWsMOEvsktRAiWbP/HKDBGcx4QozJGXXtlLl5UgoihkZVd1MkhThAYpIV1OOYiK9fPzBCB5oJYBhInRxBcfq74kcxVIOY193FhfKaa8Q//O6mQpPvZzyNFOE48miMGNQJbCIAwZUEKzYUBOEBdW3QtxHAmGlQ6vqEOzpl2eJc1Q/q9s3x7XGRZlGBeyBfXAIbHACGuAKNIEDMHgEz+AVvBlPxovxbnxMWueMcmYH/IHx+QOOApXh</latexit>



|M̂(s)| < c · s log2 s
<latexit sha1_base64="ke/e7NbF9tTLxjI2aXR4ASJq+D4=">AAACEnicbVA9SwNBFNyLXzF+RS1tFoMQLcIlCCpYBG1shAieCeTOsLfZJEv2bo/dd0K45D/Y+FdsLFRsrez8N26SKzRxYGGYeY+3M34kuAbb/rYyC4tLyyvZ1dza+sbmVn57507LWFHmUCmkavhEM8FD5gAHwRqRYiTwBav7/cuxX39gSnMZ3sIgYl5AuiHvcErASK380dANCPQoEYnbI4CvR0V9OMTnmGKXtiVgjV0hu/cVrFv5gl2yJ8DzpJySAkpRa+W/3LakccBCoIJo3SzbEXgJUcCpYKOcG2sWEdonXdY0NCQB014yyTTCB0Zp445U5oWAJ+rvjYQEWg8C30yOA+hZbyz+5zVj6Jx6CQ+jGFhIp4c6scAg8bgg3OaKURADQwhV3PwV0x5RhIKpMWdKKM9GnidOpXRWsm+OC9WLtI0s2kP7qIjK6ARV0RWqIQdR9Iie0St6s56sF+vd+piOZqx0Zxf9gfX5AwoNnIs=</latexit><latexit sha1_base64="ke/e7NbF9tTLxjI2aXR4ASJq+D4=">AAACEnicbVA9SwNBFNyLXzF+RS1tFoMQLcIlCCpYBG1shAieCeTOsLfZJEv2bo/dd0K45D/Y+FdsLFRsrez8N26SKzRxYGGYeY+3M34kuAbb/rYyC4tLyyvZ1dza+sbmVn57507LWFHmUCmkavhEM8FD5gAHwRqRYiTwBav7/cuxX39gSnMZ3sIgYl5AuiHvcErASK380dANCPQoEYnbI4CvR0V9OMTnmGKXtiVgjV0hu/cVrFv5gl2yJ8DzpJySAkpRa+W/3LakccBCoIJo3SzbEXgJUcCpYKOcG2sWEdonXdY0NCQB014yyTTCB0Zp445U5oWAJ+rvjYQEWg8C30yOA+hZbyz+5zVj6Jx6CQ+jGFhIp4c6scAg8bgg3OaKURADQwhV3PwV0x5RhIKpMWdKKM9GnidOpXRWsm+OC9WLtI0s2kP7qIjK6ARV0RWqIQdR9Iie0St6s56sF+vd+piOZqx0Zxf9gfX5AwoNnIs=</latexit><latexit sha1_base64="ke/e7NbF9tTLxjI2aXR4ASJq+D4=">AAACEnicbVA9SwNBFNyLXzF+RS1tFoMQLcIlCCpYBG1shAieCeTOsLfZJEv2bo/dd0K45D/Y+FdsLFRsrez8N26SKzRxYGGYeY+3M34kuAbb/rYyC4tLyyvZ1dza+sbmVn57507LWFHmUCmkavhEM8FD5gAHwRqRYiTwBav7/cuxX39gSnMZ3sIgYl5AuiHvcErASK380dANCPQoEYnbI4CvR0V9OMTnmGKXtiVgjV0hu/cVrFv5gl2yJ8DzpJySAkpRa+W/3LakccBCoIJo3SzbEXgJUcCpYKOcG2sWEdonXdY0NCQB014yyTTCB0Zp445U5oWAJ+rvjYQEWg8C30yOA+hZbyz+5zVj6Jx6CQ+jGFhIp4c6scAg8bgg3OaKURADQwhV3PwV0x5RhIKpMWdKKM9GnidOpXRWsm+OC9WLtI0s2kP7qIjK6ARV0RWqIQdR9Iie0St6s56sF+vd+piOZqx0Zxf9gfX5AwoNnIs=</latexit>

Analyticity:
(~ cluster decomposition)

M(s, t, u)
<latexit sha1_base64="aISXjZ6mcxbH3ypVbic/johlj/8=">AAAB+nicbVDLSsNAFL2pr1pfsS7dDBahQimJCOqu6MaNUMHYQhvKZDpph04ezEzEEvIrblyouPVL3Pk3TtostPXAwOGce7lnjhdzJpVlfRulldW19Y3yZmVre2d3z9yvPsgoEYQ6JOKR6HpYUs5C6iimOO3GguLA47TjTa5zv/NIhWRReK+mMXUDPAqZzwhWWhqY1X6A1Zhgnt5mddlQjeRkYNaspjUDWiZ2QWpQoD0wv/rDiCQBDRXhWMqebcXKTbFQjHCaVfqJpDEmEzyiPU1DHFDpprPsGTrWyhD5kdAvVGim/t5IcSDlNPD0ZJ5ULnq5+J/XS5R/4aYsjBNFQzI/5CccqQjlRaAhE5QoPtUEE8F0VkTGWGCidF0VXYK9+OVl4pw2L5vW3VmtdVW0UYZDOII62HAOLbiBNjhA4Ame4RXejMx4Md6Nj/loySh2DuAPjM8fmp+Tsg==</latexit><latexit sha1_base64="aISXjZ6mcxbH3ypVbic/johlj/8=">AAAB+nicbVDLSsNAFL2pr1pfsS7dDBahQimJCOqu6MaNUMHYQhvKZDpph04ezEzEEvIrblyouPVL3Pk3TtostPXAwOGce7lnjhdzJpVlfRulldW19Y3yZmVre2d3z9yvPsgoEYQ6JOKR6HpYUs5C6iimOO3GguLA47TjTa5zv/NIhWRReK+mMXUDPAqZzwhWWhqY1X6A1Zhgnt5mddlQjeRkYNaspjUDWiZ2QWpQoD0wv/rDiCQBDRXhWMqebcXKTbFQjHCaVfqJpDEmEzyiPU1DHFDpprPsGTrWyhD5kdAvVGim/t5IcSDlNPD0ZJ5ULnq5+J/XS5R/4aYsjBNFQzI/5CccqQjlRaAhE5QoPtUEE8F0VkTGWGCidF0VXYK9+OVl4pw2L5vW3VmtdVW0UYZDOII62HAOLbiBNjhA4Ame4RXejMx4Md6Nj/loySh2DuAPjM8fmp+Tsg==</latexit><latexit sha1_base64="aISXjZ6mcxbH3ypVbic/johlj/8=">AAAB+nicbVDLSsNAFL2pr1pfsS7dDBahQimJCOqu6MaNUMHYQhvKZDpph04ezEzEEvIrblyouPVL3Pk3TtostPXAwOGce7lnjhdzJpVlfRulldW19Y3yZmVre2d3z9yvPsgoEYQ6JOKR6HpYUs5C6iimOO3GguLA47TjTa5zv/NIhWRReK+mMXUDPAqZzwhWWhqY1X6A1Zhgnt5mddlQjeRkYNaspjUDWiZ2QWpQoD0wv/rDiCQBDRXhWMqebcXKTbFQjHCaVfqJpDEmEzyiPU1DHFDpprPsGTrWyhD5kdAvVGim/t5IcSDlNPD0ZJ5ULnq5+J/XS5R/4aYsjBNFQzI/5CccqQjlRaAhE5QoPtUEE8F0VkTGWGCidF0VXYK9+OVl4pw2L5vW3VmtdVW0UYZDOII62HAOLbiBNjhA4Ame4RXejMx4Md6Nj/loySh2DuAPjM8fmp+Tsg==</latexit>
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poles

branch cuts

Crossing symmetry:

Polynomial boundedness:
(Froissart-Martin bound)
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M(s, t, u)
<latexit sha1_base64="aISXjZ6mcxbH3ypVbic/johlj/8=">AAAB+nicbVDLSsNAFL2pr1pfsS7dDBahQimJCOqu6MaNUMHYQhvKZDpph04ezEzEEvIrblyouPVL3Pk3TtostPXAwOGce7lnjhdzJpVlfRulldW19Y3yZmVre2d3z9yvPsgoEYQ6JOKR6HpYUs5C6iimOO3GguLA47TjTa5zv/NIhWRReK+mMXUDPAqZzwhWWhqY1X6A1Zhgnt5mddlQjeRkYNaspjUDWiZ2QWpQoD0wv/rDiCQBDRXhWMqebcXKTbFQjHCaVfqJpDEmEzyiPU1DHFDpprPsGTrWyhD5kdAvVGim/t5IcSDlNPD0ZJ5ULnq5+J/XS5R/4aYsjBNFQzI/5CccqQjlRaAhE5QoPtUEE8F0VkTGWGCidF0VXYK9+OVl4pw2L5vW3VmtdVW0UYZDOII62HAOLbiBNjhA4Ame4RXejMx4Md6Nj/loySh2DuAPjM8fmp+Tsg==</latexit><latexit sha1_base64="aISXjZ6mcxbH3ypVbic/johlj/8=">AAAB+nicbVDLSsNAFL2pr1pfsS7dDBahQimJCOqu6MaNUMHYQhvKZDpph04ezEzEEvIrblyouPVL3Pk3TtostPXAwOGce7lnjhdzJpVlfRulldW19Y3yZmVre2d3z9yvPsgoEYQ6JOKR6HpYUs5C6iimOO3GguLA47TjTa5zv/NIhWRReK+mMXUDPAqZzwhWWhqY1X6A1Zhgnt5mddlQjeRkYNaspjUDWiZ2QWpQoD0wv/rDiCQBDRXhWMqebcXKTbFQjHCaVfqJpDEmEzyiPU1DHFDpprPsGTrWyhD5kdAvVGim/t5IcSDlNPD0ZJ5ULnq5+J/XS5R/4aYsjBNFQzI/5CccqQjlRaAhE5QoPtUEE8F0VkTGWGCidF0VXYK9+OVl4pw2L5vW3VmtdVW0UYZDOII62HAOLbiBNjhA4Ame4RXejMx4Md6Nj/loySh2DuAPjM8fmp+Tsg==</latexit><latexit sha1_base64="aISXjZ6mcxbH3ypVbic/johlj/8=">AAAB+nicbVDLSsNAFL2pr1pfsS7dDBahQimJCOqu6MaNUMHYQhvKZDpph04ezEzEEvIrblyouPVL3Pk3TtostPXAwOGce7lnjhdzJpVlfRulldW19Y3yZmVre2d3z9yvPsgoEYQ6JOKR6HpYUs5C6iimOO3GguLA47TjTa5zv/NIhWRReK+mMXUDPAqZzwhWWhqY1X6A1Zhgnt5mddlQjeRkYNaspjUDWiZ2QWpQoD0wv/rDiCQBDRXhWMqebcXKTbFQjHCaVfqJpDEmEzyiPU1DHFDpprPsGTrWyhD5kdAvVGim/t5IcSDlNPD0ZJ5ULnq5+J/XS5R/4aYsjBNFQzI/5CccqQjlRaAhE5QoPtUEE8F0VkTGWGCidF0VXYK9+OVl4pw2L5vW3VmtdVW0UYZDOII62HAOLbiBNjhA4Ame4RXejMx4Md6Nj/loySh2DuAPjM8fmp+Tsg==</latexit>

M(t, u, s)
<latexit sha1_base64="3nif7CrBNRjKshVCyrjMlgFZi34=">AAAB+nicbVDLSsNAFL2pr1pfsS7dDBahQimJCOqu6MaNUMHYQhvKZDpph04ezEzEEvIrblyouPVL3Pk3TtostPXAwOGce7lnjhdzJpVlfRulldW19Y3yZmVre2d3z9yvPsgoEYQ6JOKR6HpYUs5C6iimOO3GguLA47TjTa5zv/NIhWRReK+mMXUDPAqZzwhWWhqY1X6A1Zhgnt5mddVIGvJkYNaspjUDWiZ2QWpQoD0wv/rDiCQBDRXhWMqebcXKTbFQjHCaVfqJpDEmEzyiPU1DHFDpprPsGTrWyhD5kdAvVGim/t5IcSDlNPD0ZJ5ULnq5+J/XS5R/4aYsjBNFQzI/5CccqQjlRaAhE5QoPtUEE8F0VkTGWGCidF0VXYK9+OVl4pw2L5vW3VmtdVW0UYZDOII62HAOLbiBNjhA4Ame4RXejMx4Md6Nj/loySh2DuAPjM8fmqWTsg==</latexit><latexit sha1_base64="3nif7CrBNRjKshVCyrjMlgFZi34=">AAAB+nicbVDLSsNAFL2pr1pfsS7dDBahQimJCOqu6MaNUMHYQhvKZDpph04ezEzEEvIrblyouPVL3Pk3TtostPXAwOGce7lnjhdzJpVlfRulldW19Y3yZmVre2d3z9yvPsgoEYQ6JOKR6HpYUs5C6iimOO3GguLA47TjTa5zv/NIhWRReK+mMXUDPAqZzwhWWhqY1X6A1Zhgnt5mddVIGvJkYNaspjUDWiZ2QWpQoD0wv/rDiCQBDRXhWMqebcXKTbFQjHCaVfqJpDEmEzyiPU1DHFDpprPsGTrWyhD5kdAvVGim/t5IcSDlNPD0ZJ5ULnq5+J/XS5R/4aYsjBNFQzI/5CccqQjlRaAhE5QoPtUEE8F0VkTGWGCidF0VXYK9+OVl4pw2L5vW3VmtdVW0UYZDOII62HAOLbiBNjhA4Ame4RXejMx4Md6Nj/loySh2DuAPjM8fmqWTsg==</latexit><latexit sha1_base64="3nif7CrBNRjKshVCyrjMlgFZi34=">AAAB+nicbVDLSsNAFL2pr1pfsS7dDBahQimJCOqu6MaNUMHYQhvKZDpph04ezEzEEvIrblyouPVL3Pk3TtostPXAwOGce7lnjhdzJpVlfRulldW19Y3yZmVre2d3z9yvPsgoEYQ6JOKR6HpYUs5C6iimOO3GguLA47TjTa5zv/NIhWRReK+mMXUDPAqZzwhWWhqY1X6A1Zhgnt5mddVIGvJkYNaspjUDWiZ2QWpQoD0wv/rDiCQBDRXhWMqebcXKTbFQjHCaVfqJpDEmEzyiPU1DHFDpprPsGTrWyhD5kdAvVGim/t5IcSDlNPD0ZJ5ULnq5+J/XS5R/4aYsjBNFQzI/5CccqQjlRaAhE5QoPtUEE8F0VkTGWGCidF0VXYK9+OVl4pw2L5vW3VmtdVW0UYZDOII62HAOLbiBNjhA4Ame4RXejMx4Md6Nj/loySh2DuAPjM8fmqWTsg==</latexit>

forward limit: t = 0

Satisfied in massive* QFT (and perturbative string theories).

2 to 2 scattering Mandelstam variables: s, t, u



1

2⇡i

I

�

M̂AB(s)

(s� µ2)3
<latexit sha1_base64="bWdPAAvTpv4fgBB2GKE0h5zmgA0="></latexit><latexit sha1_base64="bWdPAAvTpv4fgBB2GKE0h5zmgA0="></latexit><latexit sha1_base64="bWdPAAvTpv4fgBB2GKE0h5zmgA0="></latexit>

Positivity constraint from a dispersion relation.

A

B

A

B

forward elastic 2 to 2 scattering (s = 0)t ! 0
<latexit sha1_base64="0+tsQFVBTqKzuSnOvCrOHQAdB4E=">AAAB7XicbVBNS8NAFHypX7V+VT16WSyCp5KIUL0VvXisYGyhDWWz3bRLN5uw+yKU0B/hxYOKV/+PN/+N2zYHbR1YGGbeY99MmEph0HW/ndLa+sbmVnm7srO7t39QPTx6NEmmGfdZIhPdCanhUijuo0DJO6nmNA4lb4fj25nffuLaiEQ94CTlQUyHSkSCUbRSG0kPE+L2qzW37s5BVolXkBoUaPWrX71BwrKYK2SSGtP13BSDnGoUTPJppZcZnlI2pkPetVTRmJsgn587JWdWGZAo0fYpJHP190ZOY2MmcWgnY4ojs+zNxP+8bobRVZALlWbIFVt8FGWS2Iiz7GQgNGcoJ5ZQpoW9lbAR1ZShbahiS/CWI68S/6J+XXfvL2vNm6KNMpzAKZyDBw1owh20wAcGY3iGV3hzUufFeXc+FqMlp9g5hj9wPn8Avo2Otg==</latexit><latexit sha1_base64="0+tsQFVBTqKzuSnOvCrOHQAdB4E=">AAAB7XicbVBNS8NAFHypX7V+VT16WSyCp5KIUL0VvXisYGyhDWWz3bRLN5uw+yKU0B/hxYOKV/+PN/+N2zYHbR1YGGbeY99MmEph0HW/ndLa+sbmVnm7srO7t39QPTx6NEmmGfdZIhPdCanhUijuo0DJO6nmNA4lb4fj25nffuLaiEQ94CTlQUyHSkSCUbRSG0kPE+L2qzW37s5BVolXkBoUaPWrX71BwrKYK2SSGtP13BSDnGoUTPJppZcZnlI2pkPetVTRmJsgn587JWdWGZAo0fYpJHP190ZOY2MmcWgnY4ojs+zNxP+8bobRVZALlWbIFVt8FGWS2Iiz7GQgNGcoJ5ZQpoW9lbAR1ZShbahiS/CWI68S/6J+XXfvL2vNm6KNMpzAKZyDBw1owh20wAcGY3iGV3hzUufFeXc+FqMlp9g5hj9wPn8Avo2Otg==</latexit><latexit sha1_base64="0+tsQFVBTqKzuSnOvCrOHQAdB4E=">AAAB7XicbVBNS8NAFHypX7V+VT16WSyCp5KIUL0VvXisYGyhDWWz3bRLN5uw+yKU0B/hxYOKV/+PN/+N2zYHbR1YGGbeY99MmEph0HW/ndLa+sbmVnm7srO7t39QPTx6NEmmGfdZIhPdCanhUijuo0DJO6nmNA4lb4fj25nffuLaiEQ94CTlQUyHSkSCUbRSG0kPE+L2qzW37s5BVolXkBoUaPWrX71BwrKYK2SSGtP13BSDnGoUTPJppZcZnlI2pkPetVTRmJsgn587JWdWGZAo0fYpJHP190ZOY2MmcWgnY4ojs+zNxP+8bobRVZALlWbIFVt8FGWS2Iiz7GQgNGcoJ5ZQpoW9lbAR1ZShbahiS/CWI68S/6J+XXfvL2vNm6KNMpzAKZyDBw1owh20wAcGY3iGV3hzUufFeXc+FqMlp9g5hj9wPn8Avo2Otg==</latexit>

X
IR residues

<latexit sha1_base64="oVTjt4ZgUHKqT+wY5NbrJrNBTd0=">AAACBXicbZDNSsNAFIUn/tb6F3UpwmARXEhJRVB3RTe6q2JsoQllMrlph84kYWYilNCVG1/FjQsVt76DO9/GaZuFth4Y+Dj3Xu7cE6ScKe0439bc/MLi0nJppby6tr6xaW9t36skkxRcmvBEtgKigLMYXM00h1YqgYiAQzPoX47qzQeQiiXxnR6k4AvSjVnEKNHG6th7nsoE9o6wJ0V+fWvIsATFwgzUsGNXnKozFp6FWgEVVKjRsb+8MKGZgFhTTpRq15xU+zmRmlEOw7KXKUgJ7ZMutA3GRIDy8/EZQ3xgnBBHiTQv1njs/p7IiVBqIALTKYjuqenayPyv1s50dObnLE4zDTGdLIoyjnWCR5ngkEmgmg8MECqZ+SumPSIJ1Sa5sgmhNn3yLLjH1fOqc3NSqV8UaZTQLtpHh6iGTlEdXaEGchFFj+gZvaI368l6sd6tj0nrnFXM7KA/sj5/AMFGl5s=</latexit><latexit sha1_base64="oVTjt4ZgUHKqT+wY5NbrJrNBTd0=">AAACBXicbZDNSsNAFIUn/tb6F3UpwmARXEhJRVB3RTe6q2JsoQllMrlph84kYWYilNCVG1/FjQsVt76DO9/GaZuFth4Y+Dj3Xu7cE6ScKe0439bc/MLi0nJppby6tr6xaW9t36skkxRcmvBEtgKigLMYXM00h1YqgYiAQzPoX47qzQeQiiXxnR6k4AvSjVnEKNHG6th7nsoE9o6wJ0V+fWvIsATFwgzUsGNXnKozFp6FWgEVVKjRsb+8MKGZgFhTTpRq15xU+zmRmlEOw7KXKUgJ7ZMutA3GRIDy8/EZQ3xgnBBHiTQv1njs/p7IiVBqIALTKYjuqenayPyv1s50dObnLE4zDTGdLIoyjnWCR5ngkEmgmg8MECqZ+SumPSIJ1Sa5sgmhNn3yLLjH1fOqc3NSqV8UaZTQLtpHh6iGTlEdXaEGchFFj+gZvaI368l6sd6tj0nrnFXM7KA/sj5/AMFGl5s=</latexit><latexit sha1_base64="oVTjt4ZgUHKqT+wY5NbrJrNBTd0=">AAACBXicbZDNSsNAFIUn/tb6F3UpwmARXEhJRVB3RTe6q2JsoQllMrlph84kYWYilNCVG1/FjQsVt76DO9/GaZuFth4Y+Dj3Xu7cE6ScKe0439bc/MLi0nJppby6tr6xaW9t36skkxRcmvBEtgKigLMYXM00h1YqgYiAQzPoX47qzQeQiiXxnR6k4AvSjVnEKNHG6th7nsoE9o6wJ0V+fWvIsATFwgzUsGNXnKozFp6FWgEVVKjRsb+8MKGZgFhTTpRq15xU+zmRmlEOw7KXKUgJ7ZMutA3GRIDy8/EZQ3xgnBBHiTQv1njs/p7IiVBqIALTKYjuqenayPyv1s50dObnLE4zDTGdLIoyjnWCR5ngkEmgmg8MECqZ+SumPSIJ1Sa5sgmhNn3yLLjH1fOqc3NSqV8UaZTQLtpHh6iGTlEdXaEGchFFj+gZvaI368l6sd6tj0nrnFXM7KA/sj5/AMFGl5s=</latexit>

�
<latexit sha1_base64="fiSQKQlggWWkNr7R/9Qv+Jch4pI=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BD3qM4CaBZAmzk9lkzDyWmVkhLPkHLx5UvPpB3vwbJ8keNLGgoajqprsrSjgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGpVqQgOiuNLtCBvKmaSBZZbTdqIpFhGnrWh0M/VbT1QbpuSDHSc0FHggWcwItk5qdm+xELhXrvhVfwa0TGo5qUCORq/81e0rkgoqLeHYmE7NT2yYYW0Z4XRS6qaGJpiM8IB2HJVYUBNms2sn6MQpfRQr7UpaNFN/T2RYGDMWkesU2A7NojcV//M6qY0vw4zJJLVUkvmiOOXIKjR9HfWZpsTysSOYaOZuRWSINSbWBVRyIdQWX14mwVn1qurfn1fq13kaRTiCYziFGlxAHe6gAQEQeIRneIU3T3kv3rv3MW8tePnMIfyB9/kDwiSOyA==</latexit><latexit sha1_base64="fiSQKQlggWWkNr7R/9Qv+Jch4pI=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BD3qM4CaBZAmzk9lkzDyWmVkhLPkHLx5UvPpB3vwbJ8keNLGgoajqprsrSjgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGpVqQgOiuNLtCBvKmaSBZZbTdqIpFhGnrWh0M/VbT1QbpuSDHSc0FHggWcwItk5qdm+xELhXrvhVfwa0TGo5qUCORq/81e0rkgoqLeHYmE7NT2yYYW0Z4XRS6qaGJpiM8IB2HJVYUBNms2sn6MQpfRQr7UpaNFN/T2RYGDMWkesU2A7NojcV//M6qY0vw4zJJLVUkvmiOOXIKjR9HfWZpsTysSOYaOZuRWSINSbWBVRyIdQWX14mwVn1qurfn1fq13kaRTiCYziFGlxAHe6gAQEQeIRneIU3T3kv3rv3MW8tePnMIfyB9/kDwiSOyA==</latexit><latexit sha1_base64="fiSQKQlggWWkNr7R/9Qv+Jch4pI=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BD3qM4CaBZAmzk9lkzDyWmVkhLPkHLx5UvPpB3vwbJ8keNLGgoajqprsrSjgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGpVqQgOiuNLtCBvKmaSBZZbTdqIpFhGnrWh0M/VbT1QbpuSDHSc0FHggWcwItk5qdm+xELhXrvhVfwa0TGo5qUCORq/81e0rkgoqLeHYmE7NT2yYYW0Z4XRS6qaGJpiM8IB2HJVYUBNms2sn6MQpfRQr7UpaNFN/T2RYGDMWkesU2A7NojcV//M6qY0vw4zJJLVUkvmiOOXIKjR9HfWZpsTysSOYaOZuRWSINSbWBVRyIdQWX14mwVn1qurfn1fq13kaRTiCYziFGlxAHe6gAQEQeIRneIU3T3kv3rv3MW8tePnMIfyB9/kDwiSOyA==</latexit> �0
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IR-UV Connection
(Gell-Mann, Goldberger, Thirring ’54)
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Theory of interacting photons (Euler-Heisenberg):

NDA: Dispersion relations:

Theories with wrong-sign coefficients live in the swampland.

UV theories with canonical S-matrices give rise to EFTs satisfying positivity constraints. 
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Figure 3: The field between the plates of a charged capacitor coaxial with a current-carrying solenoid is of the
form E⃗ = A

r
r̂ and B⃗ = Bẑ. When c1 < 0, small fluctuations at fixed r propagate superluminally. For sufficiently

large fieldstrengths, but still within the regime of validity of the effective field theory, the “causal cone” of small
fluctuations dips below horizontal, allowing for purely spacelike evolution all the way around the capacitor at fixed
t, a dramatic violation of locality and causality.

remarkable fact that if the matter dynamics do not feature either instabilities or superluminal
modes then the energy momentum tensor satisfies the null energy condition [12]. Conversely, as
soon as superluminal modes are allowed, the null energy condition is lost, even in the absence of
instabilities within the matter dynamics [12], and CTC’s can in principle appear with respect to
the gravitational metric gµν as well. Therefore, whether gravity is dynamical or not, superluminal
propagation generally leads to a global breakdown of causality.

Another well-known energy condition closely related to superluminality is the dominant energy
condition. It states that Tµνtν should a be future directed time-like vector for any future directed
time-like tµ, i.e., there should be no energy-momentum flow outside the light-cone for any observer.
This condition is trivially violated by a negative cosmological constant, as well as negative tension
objects such as orientifold planes in string theory. To make it meaningful one must assume that
the vacuum contribution is subtracted from Tµν . In this form the dominant energy condition
follows from the absence of superluminality for a large class of systems. For instance, the sound
velocity in a fluid is given by dp/dρ, and the dominant energy condition p < ρ follows from the
absence of superluminality dp/dρ < 1. For a single derivatively coupled scalar field the absence
of superluminality for a general background requires the lagrangian to be a convex function of
X ≡ (∂µπ)2, L′′(X) ≥ 0. This is not the same as the dominant energy condition, which requires
L′(X) · X − L(X) > 0. For small fluctuations around the trivial background with X = 0,
these conditions agree, but for a general background, the absence of superluminality is a stronger
condition. Thus the absence of superluminality is a more direct and fundamental requirement
than the dominant energy condition.

11

capacitor

These constraints are verified in explicit examples, e.g. QED.
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Theories with wrong-sign coefficients lead to superluminality and violation of causality.
(Adams et al. ’06)

solenoid
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Light Higgs as a pseudo-Nambu-Goldstone boson from symmetry breaking.
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<latexit sha1_base64="mfTFaQV3ymsF+CE6gLK6+mC1oLc=">AAAB+XicbVDLSgNBEOz1GeNr1aOXwSAIQtgVQY9BLzlGyAuyS5id9CZDZh/MzAbCkj/x4kERr/6JN//GSbIHTSxoKKq66e4KUsGVdpxva2Nza3tnt7RX3j84PDq2T07bKskkwxZLRCK7AVUoeIwtzbXAbiqRRoHATjB+nPudCUrFk7ippyn6ER3GPOSMaiP1bbtOPJ2QOrkmXnOEmvbtilN1FiDrxC1IBQo0+vaXN0hYFmGsmaBK9Vwn1X5OpeZM4KzsZQpTysZ0iD1DYxqh8vPF5TNyaZQBCRNpKtZkof6eyGmk1DQKTGdE9UitenPxP6+X6fDez3mcZhpjtlwUZoKYX+cxkAGXyLSYGkKZ5OZWwkZUUqZNWGUTgrv68jpp31Rdp+o+3VZqD0UcJTiHC7gCF+6gBnVoQAsYTOAZXuHNyq0X6936WLZuWMXMGfyB9fkDOUGSFw==</latexit><latexit sha1_base64="mfTFaQV3ymsF+CE6gLK6+mC1oLc=">AAAB+XicbVDLSgNBEOz1GeNr1aOXwSAIQtgVQY9BLzlGyAuyS5id9CZDZh/MzAbCkj/x4kERr/6JN//GSbIHTSxoKKq66e4KUsGVdpxva2Nza3tnt7RX3j84PDq2T07bKskkwxZLRCK7AVUoeIwtzbXAbiqRRoHATjB+nPudCUrFk7ippyn6ER3GPOSMaiP1bbtOPJ2QOrkmXnOEmvbtilN1FiDrxC1IBQo0+vaXN0hYFmGsmaBK9Vwn1X5OpeZM4KzsZQpTysZ0iD1DYxqh8vPF5TNyaZQBCRNpKtZkof6eyGmk1DQKTGdE9UitenPxP6+X6fDez3mcZhpjtlwUZoKYX+cxkAGXyLSYGkKZ5OZWwkZUUqZNWGUTgrv68jpp31Rdp+o+3VZqD0UcJTiHC7gCF+6gBnVoQAsYTOAZXuHNyq0X6936WLZuWMXMGfyB9fkDOUGSFw==</latexit><latexit sha1_base64="mfTFaQV3ymsF+CE6gLK6+mC1oLc=">AAAB+XicbVDLSgNBEOz1GeNr1aOXwSAIQtgVQY9BLzlGyAuyS5id9CZDZh/MzAbCkj/x4kERr/6JN//GSbIHTSxoKKq66e4KUsGVdpxva2Nza3tnt7RX3j84PDq2T07bKskkwxZLRCK7AVUoeIwtzbXAbiqRRoHATjB+nPudCUrFk7ippyn6ER3GPOSMaiP1bbtOPJ2QOrkmXnOEmvbtilN1FiDrxC1IBQo0+vaXN0hYFmGsmaBK9Vwn1X5OpeZM4KzsZQpTysZ0iD1DYxqh8vPF5TNyaZQBCRNpKtZkof6eyGmk1DQKTGdE9UitenPxP6+X6fDez3mcZhpjtlwUZoKYX+cxkAGXyLSYGkKZ5OZWwkZUUqZNWGUTgrv68jpp31Rdp+o+3VZqD0UcJTiHC7gCF+6gBnVoQAsYTOAZXuHNyq0X6936WLZuWMXMGfyB9fkDOUGSFw==</latexit><latexit sha1_base64="mfTFaQV3ymsF+CE6gLK6+mC1oLc=">AAAB+XicbVDLSgNBEOz1GeNr1aOXwSAIQtgVQY9BLzlGyAuyS5id9CZDZh/MzAbCkj/x4kERr/6JN//GSbIHTSxoKKq66e4KUsGVdpxva2Nza3tnt7RX3j84PDq2T07bKskkwxZLRCK7AVUoeIwtzbXAbiqRRoHATjB+nPudCUrFk7ippyn6ER3GPOSMaiP1bbtOPJ2QOrkmXnOEmvbtilN1FiDrxC1IBQo0+vaXN0hYFmGsmaBK9Vwn1X5OpeZM4KzsZQpTysZ0iD1DYxqh8vPF5TNyaZQBCRNpKtZkof6eyGmk1DQKTGdE9UitenPxP6+X6fDez3mcZhpjtlwUZoKYX+cxkAGXyLSYGkKZ5OZWwkZUUqZNWGUTgrv68jpp31Rdp+o+3VZqD0UcJTiHC7gCF+6gBnVoQAsYTOAZXuHNyq0X6936WLZuWMXMGfyB9fkDOUGSFw==</latexit>

m2
H

<latexit sha1_base64="y1E6GSaPyZxvQ4sBHYsmFWBKleU=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmLiiewiiR6JXjhi4gIJrKRbutDQdjdt14Rs+A1ePGiMV3+QN/+NBfag4EsmeXlvJjPzwoQzbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TRahPYh6rbog15UxS3zDDaTdRFIuQ0044uZv7nSeqNIvlg5kmNBB4JFnECDZW8sWg+VgblCtu1V0ArRMvJxXI0RqUv/rDmKSCSkM41rrnuYkJMqwMI5zOSv1U0wSTCR7RnqUSC6qDbHHsDF1YZYiiWNmSBi3U3xMZFlpPRWg7BTZjverNxf+8XmqimyBjMkkNlWS5KEo5MjGaf46GTFFi+NQSTBSztyIyxgoTY/Mp2RC81ZfXSbtW9a6q7n290rjN4yjCGZzDJXhwDQ1oQgt8IMDgGV7hzZHOi/PufCxbC04+cwp/4Hz+AEUbjlI=</latexit>

⌧ ⇤2
<latexit sha1_base64="rH8X2/pqRTe+M+AzyGoSG6wMpSA=">AAAB9HicbVDLSsNAFL2pr1pfVZduBovgqiS1oMuiGxcuKtgHNLFMJpN26GQSZyaFEvodblwo4taPceffOG2z0NYDA4dzzuXeOX7CmdK2/W0V1tY3NreK26Wd3b39g/LhUVvFqSS0RWIey66PFeVM0JZmmtNuIimOfE47/uhm5nfGVCoWiwc9SagX4YFgISNYG8lzOUfunYkH+LHWL1fsqj0HWiVOTiqQo9kvf7lBTNKICk04Vqrn2In2Miw1I5xOS26qaILJCA9oz1CBI6q8bH70FJ0ZJUBhLM0TGs3V3xMZjpSaRL5JRlgP1bI3E//zeqkOr7yMiSTVVJDFojDlSMdo1gAKmKRE84khmEhmbkVkiCUm2vRUMiU4y19eJe1a1bmo2vf1SuM6r6MIJ3AK5+DAJTTgFprQAgJP8Ayv8GaNrRfr3fpYRAtWPnMMf2B9/gDbrpF/</latexit>

(Kaplan, Georgi, Dimopoulos ’84)



Strongly interacting light Higgs

H
<latexit sha1_base64="venyS6Wb6PztQ7mRn1xiaVoAroY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipWR+UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXldqd3kcRTiDc7gED26gBnVoQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AnXmMzA==</latexit><latexit sha1_base64="venyS6Wb6PztQ7mRn1xiaVoAroY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipWR+UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXldqd3kcRTiDc7gED26gBnVoQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AnXmMzA==</latexit><latexit sha1_base64="venyS6Wb6PztQ7mRn1xiaVoAroY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipWR+UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXldqd3kcRTiDc7gED26gBnVoQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AnXmMzA==</latexit><latexit sha1_base64="venyS6Wb6PztQ7mRn1xiaVoAroY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipWR+UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXldqd3kcRTiDc7gED26gBnVoQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AnXmMzA==</latexit>

H
<latexit sha1_base64="venyS6Wb6PztQ7mRn1xiaVoAroY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipWR+UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXldqd3kcRTiDc7gED26gBnVoQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AnXmMzA==</latexit><latexit sha1_base64="venyS6Wb6PztQ7mRn1xiaVoAroY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipWR+UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXldqd3kcRTiDc7gED26gBnVoQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AnXmMzA==</latexit><latexit sha1_base64="venyS6Wb6PztQ7mRn1xiaVoAroY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipWR+UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXldqd3kcRTiDc7gED26gBnVoQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AnXmMzA==</latexit><latexit sha1_base64="venyS6Wb6PztQ7mRn1xiaVoAroY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipWR+UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXldqd3kcRTiDc7gED26gBnVoQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AnXmMzA==</latexit>

H
<latexit sha1_base64="venyS6Wb6PztQ7mRn1xiaVoAroY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipWR+UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXldqd3kcRTiDc7gED26gBnVoQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AnXmMzA==</latexit><latexit sha1_base64="venyS6Wb6PztQ7mRn1xiaVoAroY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipWR+UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXldqd3kcRTiDc7gED26gBnVoQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AnXmMzA==</latexit><latexit sha1_base64="venyS6Wb6PztQ7mRn1xiaVoAroY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipWR+UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXldqd3kcRTiDc7gED26gBnVoQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AnXmMzA==</latexit><latexit sha1_base64="venyS6Wb6PztQ7mRn1xiaVoAroY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipWR+UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXldqd3kcRTiDc7gED26gBnVoQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AnXmMzA==</latexit>

H
<latexit sha1_base64="venyS6Wb6PztQ7mRn1xiaVoAroY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipWR+UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXldqd3kcRTiDc7gED26gBnVoQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AnXmMzA==</latexit><latexit sha1_base64="venyS6Wb6PztQ7mRn1xiaVoAroY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipWR+UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXldqd3kcRTiDc7gED26gBnVoQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AnXmMzA==</latexit><latexit sha1_base64="venyS6Wb6PztQ7mRn1xiaVoAroY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipWR+UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXldqd3kcRTiDc7gED26gBnVoQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AnXmMzA==</latexit><latexit sha1_base64="venyS6Wb6PztQ7mRn1xiaVoAroY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipWR+UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXldqd3kcRTiDc7gED26gBnVoQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AnXmMzA==</latexit>

Compositeness gives rise to scattering amplitudes that grow with energy.

No significant information on leading higher-dimensional operators:                   .

(Low, Rattazzi, Vichi ’09)

Experiments crucial to learn: WW-scattering, double-H production, S-parameter, etc.

LCH = LSM +
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+ · · ·
<latexit sha1_base64="meJb+JVoOW19jzUfVY9fP8riEEw="></latexit>

M ⇠ c
s

⇤2
<latexit sha1_base64="IU4JbKi96nw8L+IcFeoLqV1o31Q=">AAACEnicbVDNS8MwHE3n15xfVY9egkNQkNFOQY9DLx4UJrgPWOtI03QLS9OSpMIo/Ru8+K948aCIV0/e/G9Mtx5080Hg8d7vl+Q9L2ZUKsv6NkoLi0vLK+XVytr6xuaWub3TllEiMGnhiEWi6yFJGOWkpahipBsLgkKPkY43usz9zgMRkkb8To1j4oZowGlAMVJa6ptHTojUECOW3mTQkTSEGDrH0AkEwqnMUuda3+Wj+3rWN6tWzZoAzhO7IFVQoNk3vxw/wklIuMIMSdmzrVi5KRKKYkayipNIEiM8QgPS05SjkEg3nUTK4IFWfBhEQh+u4ET9vZGiUMpx6OnJPICc9XLxP6+XqODcTSmPE0U4nj4UJAyqCOb9QJ8KghUba4KwoPqvEA+RbkPpFiu6BHs28jxp12v2Sc26Pa02Loo6ymAP7INDYIMz0ABXoAlaAINH8AxewZvxZLwY78bHdLRkFDu74A+Mzx99XZ1a</latexit>
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Fermion Compositeness



Strongly interacting light Fermions
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Compositeness gives rise to scattering amplitudes that grow with energy.
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chiral compositeness goldstino compositeness not consistent

There are only two consistent types of composite fermions.
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These two types of compositeness, and principles of QFT (positivity) can be probed at colliders.
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goldstino chiral

composites
p
F [m⇤] (TeV) f [m⇤] (TeV)

dR 2.6 [9.4] 2.9 [36]

uR 3.8 [13.5] 4.7 [59]

uR, dR 3.9 [13.7] 4.9 [62]

qL 3.9 [13.7] 4.9 [62]

qL, dR 4.0 [14.2] 5.0 [63]

qL, uR 4.5 [16.1] 5.7 [72]

qL, uR, dR 4.6 [16.2] 5.8 [73]

Table 5: 95%CL bounds on the SUSY-breaking scale
p
F for di↵erent quark as pseudo-Goldstini scenarios

(second column) and on the scale f for di↵erent cases of chiral-compositeness of quarks (third column). The

respective Wilson coe�cients are given by cij = 1/(2F 2) for the operators in Eq. (49) and by c
(1)
ij = 1/f2

for

the operators O
(1)
ij = ( ̄i�

µ
 i)( ̄j�µ j) given in Ref. [3]. The compositeness scale in each case is given by

m⇤ ⌘
p
g⇤F or m⇤ ⌘ g⇤f with g⇤ = 4⇡, their bounds reported in brackets.

statistical, since the SM cross section is dominated by the forward region and therefore in

the central region the statistics is small. Systematic uncertainties (dominantly from the jet

energy scale) are relatively small. Theoretical uncertainties are sizable, yet smaller than the

statistical at small �, becoming the dominant uncertainty at large �. Besides, even though

the errors of the SM cross section are not gaussian, we treat them as such to simplify the

analysis, symmetrizing the distributions such that the 1� band remains unaltered.

We extract bounds on the Wilson coe�cients in each � bin and combine them to obtain

the final constraint. In Fig. 3 we report these bounds for the case of a composite dR as a

function of m⇤, defined as cdd ⌘ ±g2⇤/2m
4
⇤ for goldstino-compositeness and c(1)

dd
= ±(g⇤/m⇤)2

for chiral-compositeness, with strong coupling g⇤ = 4⇡. The final bounds for positive (m+
⇤ )

or negative coe�cients (m�
⇤ ) at the 95%CL are19

dR chiral composite: m+
⇤ & 36 (g⇤/4⇡) TeV , m�

⇤ & 40 (g⇤/4⇡) TeV . (52)

dR Goldstini: m+
⇤ & 9.4

p
g⇤/4⇡TeV , m�

⇤ & 9.0
p
g⇤/4⇡TeV . (53)

Recall these bounds are derived from the bin with Mjj > 5.4TeV. This means that for our

analysis to be safely consistent with the EFT assumption Mjj ⌧ m⇤, we must require g⇤ & 2

in the case of chiral-compositeness and g⇤ & 4.5 for goldstino-compositeness, i.e. the new

physics must be strongly coupled.

Besides, we discussed in section 4 the existence of dimension-6 four-fermion operators

O4 generated from explicit SUSY-breaking. The question arises then whether experimental

searches, in the case at hand 2 ! 2 quark scattering at the LHC, are more sensitive to

these more relevant (but gSM -suppressed) e↵ects or to the dimension-8 (but g⇤-enhanced)

19Goldstino operators are in fact subject to positivity constraints that require strictly positive coe�cients
(see section 5.3). Our bounds for c < 0 simply illustrate the relevance of the interference with the SM.
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⇤ = 4⇡f
<latexit sha1_base64="F5kpLxQwOts0qF6OKqUawdO3aHc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlE0I1QdOPCRQX7gCaUyWTSDp1MwsxEKbGf4saFIm79Enf+jdM2C209MHA451zunROknCntON9WaWV1bX2jvFnZ2t7Z3bOr+22VZJLQFkl4IrsBVpQzQVuaaU67qaQ4DjjtBKPrqd95oFKxRNzrcUr9GA8EixjB2kh9u+rdmnCI0SU6Q17KUNS3a07dmQEtE7cgNSjQ7NtfXpiQLKZCE46V6rlOqv0cS80Ip5OKlymaYjLCA9ozVOCYKj+fnT5Bx0YJUZRI84RGM/X3RI5jpcZxYJIx1kO16E3F/7xepqMLP2cizTQVZL4oyjjSCZr2gEImKdF8bAgmkplbERliiYk2bVVMCe7il5dJ+7TuGn53VmtcFXWU4RCO4ARcOIcG3EATWkDgEZ7hFd6sJ+vFerc+5tGSVcwcwB9Ynz/1Y5J+</latexit><latexit sha1_base64="F5kpLxQwOts0qF6OKqUawdO3aHc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlE0I1QdOPCRQX7gCaUyWTSDp1MwsxEKbGf4saFIm79Enf+jdM2C209MHA451zunROknCntON9WaWV1bX2jvFnZ2t7Z3bOr+22VZJLQFkl4IrsBVpQzQVuaaU67qaQ4DjjtBKPrqd95oFKxRNzrcUr9GA8EixjB2kh9u+rdmnCI0SU6Q17KUNS3a07dmQEtE7cgNSjQ7NtfXpiQLKZCE46V6rlOqv0cS80Ip5OKlymaYjLCA9ozVOCYKj+fnT5Bx0YJUZRI84RGM/X3RI5jpcZxYJIx1kO16E3F/7xepqMLP2cizTQVZL4oyjjSCZr2gEImKdF8bAgmkplbERliiYk2bVVMCe7il5dJ+7TuGn53VmtcFXWU4RCO4ARcOIcG3EATWkDgEZ7hFd6sJ+vFerc+5tGSVcwcwB9Ynz/1Y5J+</latexit><latexit sha1_base64="F5kpLxQwOts0qF6OKqUawdO3aHc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlE0I1QdOPCRQX7gCaUyWTSDp1MwsxEKbGf4saFIm79Enf+jdM2C209MHA451zunROknCntON9WaWV1bX2jvFnZ2t7Z3bOr+22VZJLQFkl4IrsBVpQzQVuaaU67qaQ4DjjtBKPrqd95oFKxRNzrcUr9GA8EixjB2kh9u+rdmnCI0SU6Q17KUNS3a07dmQEtE7cgNSjQ7NtfXpiQLKZCE46V6rlOqv0cS80Ip5OKlymaYjLCA9ozVOCYKj+fnT5Bx0YJUZRI84RGM/X3RI5jpcZxYJIx1kO16E3F/7xepqMLP2cizTQVZL4oyjjSCZr2gEImKdF8bAgmkplbERliiYk2bVVMCe7il5dJ+7TuGn53VmtcFXWU4RCO4ARcOIcG3EATWkDgEZ7hFd6sJ+vFerc+5tGSVcwcwB9Ynz/1Y5J+</latexit><latexit sha1_base64="F5kpLxQwOts0qF6OKqUawdO3aHc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlE0I1QdOPCRQX7gCaUyWTSDp1MwsxEKbGf4saFIm79Enf+jdM2C209MHA451zunROknCntON9WaWV1bX2jvFnZ2t7Z3bOr+22VZJLQFkl4IrsBVpQzQVuaaU67qaQ4DjjtBKPrqd95oFKxRNzrcUr9GA8EixjB2kh9u+rdmnCI0SU6Q17KUNS3a07dmQEtE7cgNSjQ7NtfXpiQLKZCE46V6rlOqv0cS80Ip5OKlymaYjLCA9ozVOCYKj+fnT5Bx0YJUZRI84RGM/X3RI5jpcZxYJIx1kO16E3F/7xepqMLP2cizTQVZL4oyjjSCZr2gEImKdF8bAgmkplbERliiYk2bVVMCe7il5dJ+7TuGn53VmtcFXWU4RCO4ARcOIcG3EATWkDgEZ7hFd6sJ+vFerc+5tGSVcwcwB9Ynz/1Y5J+</latexit>

⇤
<latexit sha1_base64="eQYQTgyeyFXqgIqErTS0EnBSK4E=">AAAB7XicbVBNS8NAFHypX7V+VT16WSyCp5KKoN6KXjx4qGBsoQ1ls3lpl242YXcjlNAf4cWDilf/jzf/jds2B20dWBhm5rHvTZAKro3rfjulldW19Y3yZmVre2d3r7p/8KiTTDH0WCIS1QmoRsEleoYbgZ1UIY0Dge1gdDP120+oNE/kgxmn6Md0IHnEGTVWavfubDSk/WrNrbszkGXSKEgNCrT61a9emLAsRmmYoFp3G25q/Jwqw5nASaWXaUwpG9EBdi2VNEbt57N1J+TEKiGJEmWfNGSm/p7Iaaz1OA5sMqZmqBe9qfif181MdOnnXKaZQcnmH0WZICYh09tJyBUyI8aWUKa43ZWwIVWUGdtQxZbQWDx5mXhn9au6e39ea14XbZThCI7hFBpwAU24hRZ4wGAEz/AKb07qvDjvzsc8WnKKmUP4A+fzB3d/jzA=</latexit><latexit sha1_base64="eQYQTgyeyFXqgIqErTS0EnBSK4E=">AAAB7XicbVBNS8NAFHypX7V+VT16WSyCp5KKoN6KXjx4qGBsoQ1ls3lpl242YXcjlNAf4cWDilf/jzf/jds2B20dWBhm5rHvTZAKro3rfjulldW19Y3yZmVre2d3r7p/8KiTTDH0WCIS1QmoRsEleoYbgZ1UIY0Dge1gdDP120+oNE/kgxmn6Md0IHnEGTVWavfubDSk/WrNrbszkGXSKEgNCrT61a9emLAsRmmYoFp3G25q/Jwqw5nASaWXaUwpG9EBdi2VNEbt57N1J+TEKiGJEmWfNGSm/p7Iaaz1OA5sMqZmqBe9qfif181MdOnnXKaZQcnmH0WZICYh09tJyBUyI8aWUKa43ZWwIVWUGdtQxZbQWDx5mXhn9au6e39ea14XbZThCI7hFBpwAU24hRZ4wGAEz/AKb07qvDjvzsc8WnKKmUP4A+fzB3d/jzA=</latexit><latexit sha1_base64="eQYQTgyeyFXqgIqErTS0EnBSK4E=">AAAB7XicbVBNS8NAFHypX7V+VT16WSyCp5KKoN6KXjx4qGBsoQ1ls3lpl242YXcjlNAf4cWDilf/jzf/jds2B20dWBhm5rHvTZAKro3rfjulldW19Y3yZmVre2d3r7p/8KiTTDH0WCIS1QmoRsEleoYbgZ1UIY0Dge1gdDP120+oNE/kgxmn6Md0IHnEGTVWavfubDSk/WrNrbszkGXSKEgNCrT61a9emLAsRmmYoFp3G25q/Jwqw5nASaWXaUwpG9EBdi2VNEbt57N1J+TEKiGJEmWfNGSm/p7Iaaz1OA5sMqZmqBe9qfif181MdOnnXKaZQcnmH0WZICYh09tJyBUyI8aWUKa43ZWwIVWUGdtQxZbQWDx5mXhn9au6e39ea14XbZThCI7hFBpwAU24hRZ4wGAEz/AKb07qvDjvzsc8WnKKmUP4A+fzB3d/jzA=</latexit>

⇤
<latexit sha1_base64="eQYQTgyeyFXqgIqErTS0EnBSK4E=">AAAB7XicbVBNS8NAFHypX7V+VT16WSyCp5KKoN6KXjx4qGBsoQ1ls3lpl242YXcjlNAf4cWDilf/jzf/jds2B20dWBhm5rHvTZAKro3rfjulldW19Y3yZmVre2d3r7p/8KiTTDH0WCIS1QmoRsEleoYbgZ1UIY0Dge1gdDP120+oNE/kgxmn6Md0IHnEGTVWavfubDSk/WrNrbszkGXSKEgNCrT61a9emLAsRmmYoFp3G25q/Jwqw5nASaWXaUwpG9EBdi2VNEbt57N1J+TEKiGJEmWfNGSm/p7Iaaz1OA5sMqZmqBe9qfif181MdOnnXKaZQcnmH0WZICYh09tJyBUyI8aWUKa43ZWwIVWUGdtQxZbQWDx5mXhn9au6e39ea14XbZThCI7hFBpwAU24hRZ4wGAEz/AKb07qvDjvzsc8WnKKmUP4A+fzB3d/jzA=</latexit><latexit sha1_base64="eQYQTgyeyFXqgIqErTS0EnBSK4E=">AAAB7XicbVBNS8NAFHypX7V+VT16WSyCp5KKoN6KXjx4qGBsoQ1ls3lpl242YXcjlNAf4cWDilf/jzf/jds2B20dWBhm5rHvTZAKro3rfjulldW19Y3yZmVre2d3r7p/8KiTTDH0WCIS1QmoRsEleoYbgZ1UIY0Dge1gdDP120+oNE/kgxmn6Md0IHnEGTVWavfubDSk/WrNrbszkGXSKEgNCrT61a9emLAsRmmYoFp3G25q/Jwqw5nASaWXaUwpG9EBdi2VNEbt57N1J+TEKiGJEmWfNGSm/p7Iaaz1OA5sMqZmqBe9qfif181MdOnnXKaZQcnmH0WZICYh09tJyBUyI8aWUKa43ZWwIVWUGdtQxZbQWDx5mXhn9au6e39ea14XbZThCI7hFBpwAU24hRZ4wGAEz/AKb07qvDjvzsc8WnKKmUP4A+fzB3d/jzA=</latexit><latexit sha1_base64="eQYQTgyeyFXqgIqErTS0EnBSK4E=">AAAB7XicbVBNS8NAFHypX7V+VT16WSyCp5KKoN6KXjx4qGBsoQ1ls3lpl242YXcjlNAf4cWDilf/jzf/jds2B20dWBhm5rHvTZAKro3rfjulldW19Y3yZmVre2d3r7p/8KiTTDH0WCIS1QmoRsEleoYbgZ1UIY0Dge1gdDP120+oNE/kgxmn6Md0IHnEGTVWavfubDSk/WrNrbszkGXSKEgNCrT61a9emLAsRmmYoFp3G25q/Jwqw5nASaWXaUwpG9EBdi2VNEbt57N1J+TEKiGJEmWfNGSm/p7Iaaz1OA5sMqZmqBe9qfif181MdOnnXKaZQcnmH0WZICYh09tJyBUyI8aWUKa43ZWwIVWUGdtQxZbQWDx5mXhn9au6e39ea14XbZThCI7hFBpwAU24hRZ4wGAEz/AKb07qvDjvzsc8WnKKmUP4A+fzB3d/jzA=</latexit>

(Bellazzini, Riva, JS, Sgarlata ’17)

c1 > 0
<latexit sha1_base64="s5Gwch0O59RiiwgkItTyt/Tw00Q=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oCcpevFYwX5AG8pmO2mXbjZhdyOU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M72Z++wmV5rF8NJME/YgOJQ85o8ZKbdb3yA1x++WKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/Nzp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms9/JgCtkRkwsoUxxeythI6ooMzahkg3BW355lbQuqt5l1X2oVeq3eRxFOIFTOAcPrqAO99CAJjAYwzO8wpuTOC/Ou/OxaC04+cwx/IHz+QOMl45j</latexit>



Universal statement irrespective of spins.
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<latexit sha1_base64="0giyMEhpybRREiNai+k8UKBhQ+A=">AAACHnicbVDLSgMxFM3UV62vqks3wSLUTZmpii6LblwoVLAP6LQlk2ba0MyD5I5QhvkSN/6KGxeKCK70b8y0s9DWA4HDOfcmOccJBVdgmt9Gbml5ZXUtv17Y2Nza3inu7jVVEEnKGjQQgWw7RDHBfdYADoK1Q8mI5wjWcsZXqd96YFLxwL+HSci6Hhn63OWUgJb6xTPbIzCiRMS3CbYV97AtmAtlbLuS0FglsX2jbxuQXlX7kg9HcNzTeyWzYk6BF4mVkRLKUO8XP+1BQCOP+UAFUapjmSF0YyKBU8GSgh0pFhI6JkPW0dQnHlPdeBovwUdaGWA3kPr4gKfq742YeEpNPEdPpmHUvJeK/3mdCNyLbsz9MALm09lDbiQwBDjtCg+4ZBTERBNCJdd/xXREdC+gGy3oEqz5yIukWa1YJxXz7rRUu8zqyKMDdIjKyELnqIauUR01EEWP6Bm9ojfjyXgx3o2P2WjOyHb20R8YXz82xqKF</latexit>

⇤
<latexit sha1_base64="eQYQTgyeyFXqgIqErTS0EnBSK4E=">AAAB7XicbVBNS8NAFHypX7V+VT16WSyCp5KKoN6KXjx4qGBsoQ1ls3lpl242YXcjlNAf4cWDilf/jzf/jds2B20dWBhm5rHvTZAKro3rfjulldW19Y3yZmVre2d3r7p/8KiTTDH0WCIS1QmoRsEleoYbgZ1UIY0Dge1gdDP120+oNE/kgxmn6Md0IHnEGTVWavfubDSk/WrNrbszkGXSKEgNCrT61a9emLAsRmmYoFp3G25q/Jwqw5nASaWXaUwpG9EBdi2VNEbt57N1J+TEKiGJEmWfNGSm/p7Iaaz1OA5sMqZmqBe9qfif181MdOnnXKaZQcnmH0WZICYh09tJyBUyI8aWUKa43ZWwIVWUGdtQxZbQWDx5mXhn9au6e39ea14XbZThCI7hFBpwAU24hRZ4wGAEz/AKb07qvDjvzsc8WnKKmUP4A+fzB3d/jzA=</latexit><latexit sha1_base64="eQYQTgyeyFXqgIqErTS0EnBSK4E=">AAAB7XicbVBNS8NAFHypX7V+VT16WSyCp5KKoN6KXjx4qGBsoQ1ls3lpl242YXcjlNAf4cWDilf/jzf/jds2B20dWBhm5rHvTZAKro3rfjulldW19Y3yZmVre2d3r7p/8KiTTDH0WCIS1QmoRsEleoYbgZ1UIY0Dge1gdDP120+oNE/kgxmn6Md0IHnEGTVWavfubDSk/WrNrbszkGXSKEgNCrT61a9emLAsRmmYoFp3G25q/Jwqw5nASaWXaUwpG9EBdi2VNEbt57N1J+TEKiGJEmWfNGSm/p7Iaaz1OA5sMqZmqBe9qfif181MdOnnXKaZQcnmH0WZICYh09tJyBUyI8aWUKa43ZWwIVWUGdtQxZbQWDx5mXhn9au6e39ea14XbZThCI7hFBpwAU24hRZ4wGAEz/AKb07qvDjvzsc8WnKKmUP4A+fzB3d/jzA=</latexit><latexit sha1_base64="eQYQTgyeyFXqgIqErTS0EnBSK4E=">AAAB7XicbVBNS8NAFHypX7V+VT16WSyCp5KKoN6KXjx4qGBsoQ1ls3lpl242YXcjlNAf4cWDilf/jzf/jds2B20dWBhm5rHvTZAKro3rfjulldW19Y3yZmVre2d3r7p/8KiTTDH0WCIS1QmoRsEleoYbgZ1UIY0Dge1gdDP120+oNE/kgxmn6Md0IHnEGTVWavfubDSk/WrNrbszkGXSKEgNCrT61a9emLAsRmmYoFp3G25q/Jwqw5nASaWXaUwpG9EBdi2VNEbt57N1J+TEKiGJEmWfNGSm/p7Iaaz1OA5sMqZmqBe9qfif181MdOnnXKaZQcnmH0WZICYh09tJyBUyI8aWUKa43ZWwIVWUGdtQxZbQWDx5mXhn9au6e39ea14XbZThCI7hFBpwAU24hRZ4wGAEz/AKb07qvDjvzsc8WnKKmUP4A+fzB3d/jzA=</latexit>

E
<latexit sha1_base64="o1sEXvFqUeKBMq6SR1NtvhgJRzs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRBI8t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx7cxvP6HSPJYPZpKgH9Gh5CFn1FipcdcvV9yqOwdZJV5OKpCj3i9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukdVH13KrXuKzUbvI4inACp3AOHlxBDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDmO2MyQ==</latexit><latexit sha1_base64="o1sEXvFqUeKBMq6SR1NtvhgJRzs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRBI8t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx7cxvP6HSPJYPZpKgH9Gh5CFn1FipcdcvV9yqOwdZJV5OKpCj3i9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukdVH13KrXuKzUbvI4inACp3AOHlxBDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDmO2MyQ==</latexit><latexit sha1_base64="o1sEXvFqUeKBMq6SR1NtvhgJRzs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRBI8t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx7cxvP6HSPJYPZpKgH9Gh5CFn1FipcdcvV9yqOwdZJV5OKpCj3i9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukdVH13KrXuKzUbvI4inACp3AOHlxBDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDmO2MyQ==</latexit><latexit sha1_base64="o1sEXvFqUeKBMq6SR1NtvhgJRzs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRBI8t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx7cxvP6HSPJYPZpKgH9Gh5CFn1FipcdcvV9yqOwdZJV5OKpCj3i9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukdVH13KrXuKzUbvI4inACp3AOHlxBDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDmO2MyQ==</latexit>

M
<latexit sha1_base64="rjnXWTwSQq7vwVUGQ2t+qnM1CI0=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl040aoYB/QhjKZTtqhk5kwcyOU0M9w40IRt36NO//GSZuFth4YOJxzL3PuCRPBDXret1NaW9/Y3CpvV3Z29/YPqodHbaNSTVmLKqF0NySGCS5ZCzkK1k00I3EoWCec3OZ+54lpw5V8xGnCgpiMJI84JWilXj8mOKZEZPezQbXm1b053FXiF6QGBZqD6ld/qGgaM4lUEGN6vpdgkBGNnAo2q/RTwxJCJ2TEepZKEjMTZPPIM/fMKkM3Uto+ie5c/b2RkdiYaRzayTyiWfZy8T+vl2J0HWRcJikySRcfRalwUbn5/e6Qa0ZRTC0hVHOb1aVjoglF21LFluAvn7xK2hd13/KHy1rjpqijDCdwCufgwxU04A6a0AIKCp7hFd4cdF6cd+djMVpyip1j+APn8weCjJFj</latexit><latexit sha1_base64="rjnXWTwSQq7vwVUGQ2t+qnM1CI0=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl040aoYB/QhjKZTtqhk5kwcyOU0M9w40IRt36NO//GSZuFth4YOJxzL3PuCRPBDXret1NaW9/Y3CpvV3Z29/YPqodHbaNSTVmLKqF0NySGCS5ZCzkK1k00I3EoWCec3OZ+54lpw5V8xGnCgpiMJI84JWilXj8mOKZEZPezQbXm1b053FXiF6QGBZqD6ld/qGgaM4lUEGN6vpdgkBGNnAo2q/RTwxJCJ2TEepZKEjMTZPPIM/fMKkM3Uto+ie5c/b2RkdiYaRzayTyiWfZy8T+vl2J0HWRcJikySRcfRalwUbn5/e6Qa0ZRTC0hVHOb1aVjoglF21LFluAvn7xK2hd13/KHy1rjpqijDCdwCufgwxU04A6a0AIKCp7hFd4cdF6cd+djMVpyip1j+APn8weCjJFj</latexit><latexit sha1_base64="rjnXWTwSQq7vwVUGQ2t+qnM1CI0=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl040aoYB/QhjKZTtqhk5kwcyOU0M9w40IRt36NO//GSZuFth4YOJxzL3PuCRPBDXret1NaW9/Y3CpvV3Z29/YPqodHbaNSTVmLKqF0NySGCS5ZCzkK1k00I3EoWCec3OZ+54lpw5V8xGnCgpiMJI84JWilXj8mOKZEZPezQbXm1b053FXiF6QGBZqD6ld/qGgaM4lUEGN6vpdgkBGNnAo2q/RTwxJCJ2TEepZKEjMTZPPIM/fMKkM3Uto+ie5c/b2RkdiYaRzayTyiWfZy8T+vl2J0HWRcJikySRcfRalwUbn5/e6Qa0ZRTC0hVHOb1aVjoglF21LFluAvn7xK2hd13/KHy1rjpqijDCdwCufgwxU04A6a0AIKCp7hFd4cdF6cd+djMVpyip1j+APn8weCjJFj</latexit><latexit sha1_base64="rjnXWTwSQq7vwVUGQ2t+qnM1CI0=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl040aoYB/QhjKZTtqhk5kwcyOU0M9w40IRt36NO//GSZuFth4YOJxzL3PuCRPBDXret1NaW9/Y3CpvV3Z29/YPqodHbaNSTVmLKqF0NySGCS5ZCzkK1k00I3EoWCec3OZ+54lpw5V8xGnCgpiMJI84JWilXj8mOKZEZPezQbXm1b053FXiF6QGBZqD6ld/qGgaM4lUEGN6vpdgkBGNnAo2q/RTwxJCJ2TEepZKEjMTZPPIM/fMKkM3Uto+ie5c/b2RkdiYaRzayTyiWfZy8T+vl2J0HWRcJikySRcfRalwUbn5/e6Qa0ZRTC0hVHOb1aVjoglF21LFluAvn7xK2hd13/KHy1rjpqijDCdwCufgwxU04A6a0AIKCp7hFd4cdF6cd+djMVpyip1j+APn8weCjJFj</latexit>

M̂00
AB(s = 0) =

2

⇡

Z 1 ds

s2

X

X

�AB!X(s) > 0
<latexit sha1_base64="p0QXxiWEfCWb/ZB0tjppGPFrxtk="></latexit><latexit sha1_base64="p0QXxiWEfCWb/ZB0tjppGPFrxtk="></latexit><latexit sha1_base64="p0QXxiWEfCWb/ZB0tjppGPFrxtk="></latexit>

(Bellazzini ’16)

n = 1, 2, 3, . . .
<latexit sha1_base64="6/v2Eo25ieHjaiZXLdjcES8XEds=">AAACMXicbZDLSgMxFIYz9VbrrerSTbAILqTMtIJuhKKbLivYVqilZNLTNjSTGZIzYhnmldz4JuKmC0Xc+hKml0Wr/hD4+c45OcnvR1IYdN2xk1lZXVvfyG7mtrZ3dvfy+wcNE8aaQ52HMtT3PjMghYI6CpRwH2lggS+h6Q9vJvXmI2gjQnWHowjaAesr0ROcoUWdfFXRK/qA8ITTuxJfxpAmXnq2CPsaQKVJaZlq6KZJecK6IZpOvuAW3anoX+PNTYHMVevkX+0cjwNQyCUzpuW5EbYTplFwCWnuITYQMT5kfWhZq1gApp1MV6f0xJIu7YXaHoV0ShcnEhYYMwp82xkwHJjftQn8r9aKsXfZToSKYgTFZ4t6saQY0kl8tCs0cJQjaxjXwr6V8gHTjKMNOWdD8H5/+a9plIpeuejenhcq1/M4suSIHJNT4pELUiFVUiN1wskzeSPv5MN5ccbOp/M1a80485lDsiTn+wdJEKt8</latexit>



Massive Gravity



m ⇡ H0 ⇡ (1028cm)�1 ⇡ 2⇥ 10�33eV
<latexit sha1_base64="DQGm1n7yKJEOj/bsD/+yXOlblcQ="></latexit><latexit sha1_base64="DQGm1n7yKJEOj/bsD/+yXOlblcQ="></latexit><latexit sha1_base64="DQGm1n7yKJEOj/bsD/+yXOlblcQ="></latexit><latexit sha1_base64="DQGm1n7yKJEOj/bsD/+yXOlblcQ="></latexit>

IR modification of gravity such that cosmology is modified.

r
<latexit sha1_base64="+bWfWkp5oCSLj29GkVTv3nQe+Y4=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaqlepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuuc2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP0s7jMk=</latexit><latexit sha1_base64="+bWfWkp5oCSLj29GkVTv3nQe+Y4=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaqlepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuuc2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP0s7jMk=</latexit><latexit sha1_base64="+bWfWkp5oCSLj29GkVTv3nQe+Y4=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaqlepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuuc2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP0s7jMk=</latexit>

V (r)
<latexit sha1_base64="xWrBuGEJFzCx+YGyt2F9Mz+TAUk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahXkoignorevFYwbSFNpTNdtMu3d2E3Y1QQv+CFw8qXv1F3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpf7nSeqNIvlo5kmNBB4JFnECDa51K6r80G15jbcOdAq8QpSgwKtQfWrP4xJKqg0hGOte56bmCDDyjDC6azSTzVNMJngEe1ZKrGgOsjmt87QmVWGKIqVLWnQXP09kWGh9VSEtlNgM9bLXi7+5/VSE10HGZNJaqgki0VRypGJUf44GjJFieFTSzBRzN6KyBgrTIyNp2JD8JZfXiX+ReOm4T5c1pq3RRplOIFTqIMHV9CEe2iBDwTG8Ayv8OYI58V5dz4WrSWnmDmGP3A+fwC4Mo2O</latexit><latexit sha1_base64="xWrBuGEJFzCx+YGyt2F9Mz+TAUk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahXkoignorevFYwbSFNpTNdtMu3d2E3Y1QQv+CFw8qXv1F3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpf7nSeqNIvlo5kmNBB4JFnECDa51K6r80G15jbcOdAq8QpSgwKtQfWrP4xJKqg0hGOte56bmCDDyjDC6azSTzVNMJngEe1ZKrGgOsjmt87QmVWGKIqVLWnQXP09kWGh9VSEtlNgM9bLXi7+5/VSE10HGZNJaqgki0VRypGJUf44GjJFieFTSzBRzN6KyBgrTIyNp2JD8JZfXiX+ReOm4T5c1pq3RRplOIFTqIMHV9CEe2iBDwTG8Ayv8OYI58V5dz4WrSWnmDmGP3A+fwC4Mo2O</latexit><latexit sha1_base64="xWrBuGEJFzCx+YGyt2F9Mz+TAUk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahXkoignorevFYwbSFNpTNdtMu3d2E3Y1QQv+CFw8qXv1F3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpf7nSeqNIvlo5kmNBB4JFnECDa51K6r80G15jbcOdAq8QpSgwKtQfWrP4xJKqg0hGOte56bmCDDyjDC6azSTzVNMJngEe1ZKrGgOsjmt87QmVWGKIqVLWnQXP09kWGh9VSEtlNgM9bLXi7+5/VSE10HGZNJaqgki0VRypGJUf44GjJFieFTSzBRzN6KyBgrTIyNp2JD8JZfXiX+ReOm4T5c1pq3RRplOIFTqIMHV9CEe2iBDwTG8Ayv8OYI58V5dz4WrSWnmDmGP3A+fwC4Mo2O</latexit>

⇠ 1/r
<latexit sha1_base64="+XyKd9taEDGBa8Mqgf5GMZrN0vk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8xV0R1FvQi8cIrgkkS5idzCZD5rHOzAphyU948aDi1e/x5t84SfagiQUNRVU33V1xypmxvv/tLS2vrK6tlzbKm1vbO7uVvf0HozJNaEgUV7oVY0M5kzS0zHLaSjXFIua0GQ9vJn7ziWrDlLy3o5RGAvclSxjB1kmtjmECBae6W6n6NX8KtEiCglShQKNb+er0FMkElZZwbEw78FMb5VhbRjgdlzuZoSkmQ9ynbUclFtRE+fTeMTp2Sg8lSruSFk3V3xM5FsaMROw6BbYDM+9NxP+8dmaTyyhnMs0slWS2KMk4sgpNnkc9pimxfOQIJpq5WxEZYI2JdRGVXQjB/MuLJDyrXdX8u/Nq/bpIowSHcAQnEMAF1OEWGhACAQ7P8Apv3qP34r17H7PWJa+YOYA/8D5/AJWtjzQ=</latexit><latexit sha1_base64="+XyKd9taEDGBa8Mqgf5GMZrN0vk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8xV0R1FvQi8cIrgkkS5idzCZD5rHOzAphyU948aDi1e/x5t84SfagiQUNRVU33V1xypmxvv/tLS2vrK6tlzbKm1vbO7uVvf0HozJNaEgUV7oVY0M5kzS0zHLaSjXFIua0GQ9vJn7ziWrDlLy3o5RGAvclSxjB1kmtjmECBae6W6n6NX8KtEiCglShQKNb+er0FMkElZZwbEw78FMb5VhbRjgdlzuZoSkmQ9ynbUclFtRE+fTeMTp2Sg8lSruSFk3V3xM5FsaMROw6BbYDM+9NxP+8dmaTyyhnMs0slWS2KMk4sgpNnkc9pimxfOQIJpq5WxEZYI2JdRGVXQjB/MuLJDyrXdX8u/Nq/bpIowSHcAQnEMAF1OEWGhACAQ7P8Apv3qP34r17H7PWJa+YOYA/8D5/AJWtjzQ=</latexit><latexit sha1_base64="+XyKd9taEDGBa8Mqgf5GMZrN0vk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8xV0R1FvQi8cIrgkkS5idzCZD5rHOzAphyU948aDi1e/x5t84SfagiQUNRVU33V1xypmxvv/tLS2vrK6tlzbKm1vbO7uVvf0HozJNaEgUV7oVY0M5kzS0zHLaSjXFIua0GQ9vJn7ziWrDlLy3o5RGAvclSxjB1kmtjmECBae6W6n6NX8KtEiCglShQKNb+er0FMkElZZwbEw78FMb5VhbRjgdlzuZoSkmQ9ynbUclFtRE+fTeMTp2Sg8lSruSFk3V3xM5FsaMROw6BbYDM+9NxP+8dmaTyyhnMs0slWS2KMk4sgpNnkc9pimxfOQIJpq5WxEZYI2JdRGVXQjB/MuLJDyrXdX8u/Nq/bpIowSHcAQnEMAF1OEWGhACAQ7P8Apv3qP34r17H7PWJa+YOYA/8D5/AJWtjzQ=</latexit>

⇠ 1/r
<latexit sha1_base64="+XyKd9taEDGBa8Mqgf5GMZrN0vk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8xV0R1FvQi8cIrgkkS5idzCZD5rHOzAphyU948aDi1e/x5t84SfagiQUNRVU33V1xypmxvv/tLS2vrK6tlzbKm1vbO7uVvf0HozJNaEgUV7oVY0M5kzS0zHLaSjXFIua0GQ9vJn7ziWrDlLy3o5RGAvclSxjB1kmtjmECBae6W6n6NX8KtEiCglShQKNb+er0FMkElZZwbEw78FMb5VhbRjgdlzuZoSkmQ9ynbUclFtRE+fTeMTp2Sg8lSruSFk3V3xM5FsaMROw6BbYDM+9NxP+8dmaTyyhnMs0slWS2KMk4sgpNnkc9pimxfOQIJpq5WxEZYI2JdRGVXQjB/MuLJDyrXdX8u/Nq/bpIowSHcAQnEMAF1OEWGhACAQ7P8Apv3qP34r17H7PWJa+YOYA/8D5/AJWtjzQ=</latexit><latexit sha1_base64="+XyKd9taEDGBa8Mqgf5GMZrN0vk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8xV0R1FvQi8cIrgkkS5idzCZD5rHOzAphyU948aDi1e/x5t84SfagiQUNRVU33V1xypmxvv/tLS2vrK6tlzbKm1vbO7uVvf0HozJNaEgUV7oVY0M5kzS0zHLaSjXFIua0GQ9vJn7ziWrDlLy3o5RGAvclSxjB1kmtjmECBae6W6n6NX8KtEiCglShQKNb+er0FMkElZZwbEw78FMb5VhbRjgdlzuZoSkmQ9ynbUclFtRE+fTeMTp2Sg8lSruSFk3V3xM5FsaMROw6BbYDM+9NxP+8dmaTyyhnMs0slWS2KMk4sgpNnkc9pimxfOQIJpq5WxEZYI2JdRGVXQjB/MuLJDyrXdX8u/Nq/bpIowSHcAQnEMAF1OEWGhACAQ7P8Apv3qP34r17H7PWJa+YOYA/8D5/AJWtjzQ=</latexit><latexit sha1_base64="+XyKd9taEDGBa8Mqgf5GMZrN0vk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8xV0R1FvQi8cIrgkkS5idzCZD5rHOzAphyU948aDi1e/x5t84SfagiQUNRVU33V1xypmxvv/tLS2vrK6tlzbKm1vbO7uVvf0HozJNaEgUV7oVY0M5kzS0zHLaSjXFIua0GQ9vJn7ziWrDlLy3o5RGAvclSxjB1kmtjmECBae6W6n6NX8KtEiCglShQKNb+er0FMkElZZwbEw78FMb5VhbRjgdlzuZoSkmQ9ynbUclFtRE+fTeMTp2Sg8lSruSFk3V3xM5FsaMROw6BbYDM+9NxP+8dmaTyyhnMs0slWS2KMk4sgpNnkc9pimxfOQIJpq5WxEZYI2JdRGVXQjB/MuLJDyrXdX8u/Nq/bpIowSHcAQnEMAF1OEWGhACAQ7P8Apv3qP34r17H7PWJa+YOYA/8D5/AJWtjzQ=</latexit>

⇠ e�mr/r
<latexit sha1_base64="qFtP7nR3lzZ3qgHyJzxdc/lpQ+o=">AAAB9HicbVBNTwIxEO3iF+IX6tFLIzHxIu4aE/VG9OIRE1dIYCHdMgsNbXfTdjVkw//w4kGNV3+MN/+NBfag4EsmeXlvJjPzwoQzbVz32yksLa+srhXXSxubW9s75d29Bx2nioJPYx6rZkg0cCbBN8xwaCYKiAg5NMLhzcRvPILSLJb3ZpRAIEhfsohRYqzUaWsmMHSyE6HGp6pbrrhVdwq8SLycVFCOerf81e7FNBUgDeVE65bnJibIiDKMchiX2qmGhNAh6UPLUkkE6CCbXj3GR1bp4ShWtqTBU/X3REaE1iMR2k5BzEDPexPxP6+VmugyyJhMUgOSzhZFKccmxpMIcI8poIaPLCFUMXsrpgOiCDU2qJINwZt/eZH4Z9Wrqnt3Xqld52kU0QE6RMfIQxeohm5RHfmIIoWe0St6c56cF+fd+Zi1Fpx8Zh/9gfP5A3Q7kgY=</latexit><latexit sha1_base64="qFtP7nR3lzZ3qgHyJzxdc/lpQ+o=">AAAB9HicbVBNTwIxEO3iF+IX6tFLIzHxIu4aE/VG9OIRE1dIYCHdMgsNbXfTdjVkw//w4kGNV3+MN/+NBfag4EsmeXlvJjPzwoQzbVz32yksLa+srhXXSxubW9s75d29Bx2nioJPYx6rZkg0cCbBN8xwaCYKiAg5NMLhzcRvPILSLJb3ZpRAIEhfsohRYqzUaWsmMHSyE6HGp6pbrrhVdwq8SLycVFCOerf81e7FNBUgDeVE65bnJibIiDKMchiX2qmGhNAh6UPLUkkE6CCbXj3GR1bp4ShWtqTBU/X3REaE1iMR2k5BzEDPexPxP6+VmugyyJhMUgOSzhZFKccmxpMIcI8poIaPLCFUMXsrpgOiCDU2qJINwZt/eZH4Z9Wrqnt3Xqld52kU0QE6RMfIQxeohm5RHfmIIoWe0St6c56cF+fd+Zi1Fpx8Zh/9gfP5A3Q7kgY=</latexit><latexit sha1_base64="qFtP7nR3lzZ3qgHyJzxdc/lpQ+o=">AAAB9HicbVBNTwIxEO3iF+IX6tFLIzHxIu4aE/VG9OIRE1dIYCHdMgsNbXfTdjVkw//w4kGNV3+MN/+NBfag4EsmeXlvJjPzwoQzbVz32yksLa+srhXXSxubW9s75d29Bx2nioJPYx6rZkg0cCbBN8xwaCYKiAg5NMLhzcRvPILSLJb3ZpRAIEhfsohRYqzUaWsmMHSyE6HGp6pbrrhVdwq8SLycVFCOerf81e7FNBUgDeVE65bnJibIiDKMchiX2qmGhNAh6UPLUkkE6CCbXj3GR1bp4ShWtqTBU/X3REaE1iMR2k5BzEDPexPxP6+VmugyyJhMUgOSzhZFKccmxpMIcI8poIaPLCFUMXsrpgOiCDU2qJINwZt/eZH4Z9Wrqnt3Xqld52kU0QE6RMfIQxeohm5RHfmIIoWe0St6c56cF+fd+Zi1Fpx8Zh/9gfP5A3Q7kgY=</latexit>

MG can reproduce late-time cosmic acceleration without Λ4; however Λ4 still gravitates.

MG as very interesting modification of gravity; it helped us understand gravity.

(inverse) size of universe

Figure 1:
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1

Figure 1:

1 A
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DGP model

h
<latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit><latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit><latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit>

`DGP =
M2

Pl

M3
5

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



Massive spin-2: dRGT- or Λ3-theory
(5 d.o.f.)

*

(de Rham, Gabadadze, Tolley ’10)

gµ⌫ = ⌘µ⌫ + hµ⌫
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

SEH = 1

2
M2

Pl

Z
d4x

p
�g R

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

Smatter =
1
2

Z
d
4
x
p
�g hµ⌫T

µ⌫
m +O(h2) , @µT

µ⌫
m = 0

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

Smass = �M2
Pl
2 m

2

Z
d
4
x
p
�g

⇥
h
2
µ⌫ � h

2 +O(h3) +O(h4)
⇤

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

MG has same action as GR but with a potential: mass + cubic + quartic terms.



Stueckelberg fields of Massive Gravity

hµ⌫ ! Hµ⌫ ⌘ hµ⌫ + @µ⇡⌫ + @⌫⇡µ � @µ⇡
↵
@⌫⇡↵

<latexit sha1_base64="GksKQnB5B0chACLAhKyfF3DRXYk="></latexit><latexit sha1_base64="GksKQnB5B0chACLAhKyfF3DRXYk="></latexit><latexit sha1_base64="GksKQnB5B0chACLAhKyfF3DRXYk="></latexit>

5 ~ 2 (h=±2) + 2 (h=±1) + 1 (s=0) d.o.f.

⇡µ ⌘ Aµ + @µ�
<latexit sha1_base64="gHXT7MiAekVNiM51aXg7+51QjOM=">AAACEHicbVBNS8MwGE7n15xfVY9egkMYCKMVQb1NvXicYN1gLSXN0i0sbWOSDkbZX/DiX/HiQcWrR2/+G9OuB918IPDked73Td4n4IxKZVnfRmVpeWV1rbpe29jc2t4xd/fuZZIKTBycsER0AyQJozFxFFWMdLkgKAoY6QSj69zvjImQNInv1IQTL0KDmIYUI6Ul32y4nPpulEKXPKR0DC+LyzF0ORKKIjbz+JD6Zt1qWgXgIrFLUgcl2r755fYTnEYkVpghKXu2xZWX5WMxI9Oam0rCER6hAelpGqOISC8rNprCI630YZgIfWIFC/V3R4YiKSdRoCsjpIZy3svF/7xeqsJzL6MxTxWJ8eyhMGVQJTCPB/apIFixiSYIC6r/CvEQCYSVDrGmQ7DnV14kzknzomndntZbV2UaVXAADkED2OAMtMANaAMHYPAInsEreDOejBfj3fiYlVaMsmcf/IHx+QPLZ5yS</latexit><latexit sha1_base64="gHXT7MiAekVNiM51aXg7+51QjOM=">AAACEHicbVBNS8MwGE7n15xfVY9egkMYCKMVQb1NvXicYN1gLSXN0i0sbWOSDkbZX/DiX/HiQcWrR2/+G9OuB918IPDked73Td4n4IxKZVnfRmVpeWV1rbpe29jc2t4xd/fuZZIKTBycsER0AyQJozFxFFWMdLkgKAoY6QSj69zvjImQNInv1IQTL0KDmIYUI6Ul32y4nPpulEKXPKR0DC+LyzF0ORKKIjbz+JD6Zt1qWgXgIrFLUgcl2r755fYTnEYkVpghKXu2xZWX5WMxI9Oam0rCER6hAelpGqOISC8rNprCI630YZgIfWIFC/V3R4YiKSdRoCsjpIZy3svF/7xeqsJzL6MxTxWJ8eyhMGVQJTCPB/apIFixiSYIC6r/CvEQCYSVDrGmQ7DnV14kzknzomndntZbV2UaVXAADkED2OAMtMANaAMHYPAInsEreDOejBfj3fiYlVaMsmcf/IHx+QPLZ5yS</latexit><latexit sha1_base64="gHXT7MiAekVNiM51aXg7+51QjOM=">AAACEHicbVBNS8MwGE7n15xfVY9egkMYCKMVQb1NvXicYN1gLSXN0i0sbWOSDkbZX/DiX/HiQcWrR2/+G9OuB918IPDked73Td4n4IxKZVnfRmVpeWV1rbpe29jc2t4xd/fuZZIKTBycsER0AyQJozFxFFWMdLkgKAoY6QSj69zvjImQNInv1IQTL0KDmIYUI6Ul32y4nPpulEKXPKR0DC+LyzF0ORKKIjbz+JD6Zt1qWgXgIrFLUgcl2r755fYTnEYkVpghKXu2xZWX5WMxI9Oam0rCER6hAelpGqOISC8rNprCI630YZgIfWIFC/V3R4YiKSdRoCsjpIZy3svF/7xeqsJzL6MxTxWJ8eyhMGVQJTCPB/apIFixiSYIC6r/CvEQCYSVDrGmQ7DnV14kzknzomndntZbV2UaVXAADkED2OAMtMANaAMHYPAInsEreDOejBfj3fiYlVaMsmcf/IHx+QPLZ5yS</latexit>

manifest gauge invariance

hµ⌫ ! hµ⌫ + @µ⇠⌫ + @⌫⇠µ

Aµ ! Aµ � ⇠µ + @µ�

� ! �� �
<latexit sha1_base64="i5rfn4K5A1g0kaa9VmsGSTd6LlE="></latexit><latexit sha1_base64="i5rfn4K5A1g0kaa9VmsGSTd6LlE="></latexit><latexit sha1_base64="i5rfn4K5A1g0kaa9VmsGSTd6LlE="></latexit>

SEH = SEH[h] , Smatter = Smatter[h]
<latexit sha1_base64="3qZbwquivOiCl12GwFNlijzKdHM=">AAACXHicbVBdS8MwFE2r061zWhV88SU4BB/G6ERQH4ShCHuc6NxgLSVN0y0s/TBJhVH6J33TF/+K6VZBt10InJxzz83N8RJGhbSsT03f2q7s7FZrRn2vsX9gHh69ijjlmAxwzGI+8pAgjEZkIKlkZJRwgkKPkaE3eyj04TvhgsbRi5wnxAnRJKIBxUgqyjWlHSI5xYhlz7mb2TzMHnt5Du/gRn48daDdgi1ov6XIX+9Rd0n4Zv+vpma4ZtNqW4uC66BTgiYoq++aH7Yf4zQkkcQMCTHuWIl0MsQlxYzkhp0KkiA8QxMyVjBCIRFOtkgnh+eK8WEQc3UiCRfsX0eGQiHmoac6i53FqlaQm7RxKoMbJ6NRkkoS4eVDQcqgjGERNfQpJ1iyuQIIc6p2hXiKOMIqB2GoEDqrX14Hg8v2bdt6ump278s0quAUnIEL0AHXoAt6oA8GAIMvDWg1zdC+9Ype1xvLVl0rPcfgX+knP7TytuI=</latexit><latexit sha1_base64="3qZbwquivOiCl12GwFNlijzKdHM=">AAACXHicbVBdS8MwFE2r061zWhV88SU4BB/G6ERQH4ShCHuc6NxgLSVN0y0s/TBJhVH6J33TF/+K6VZBt10InJxzz83N8RJGhbSsT03f2q7s7FZrRn2vsX9gHh69ijjlmAxwzGI+8pAgjEZkIKlkZJRwgkKPkaE3eyj04TvhgsbRi5wnxAnRJKIBxUgqyjWlHSI5xYhlz7mb2TzMHnt5Du/gRn48daDdgi1ov6XIX+9Rd0n4Zv+vpma4ZtNqW4uC66BTgiYoq++aH7Yf4zQkkcQMCTHuWIl0MsQlxYzkhp0KkiA8QxMyVjBCIRFOtkgnh+eK8WEQc3UiCRfsX0eGQiHmoac6i53FqlaQm7RxKoMbJ6NRkkoS4eVDQcqgjGERNfQpJ1iyuQIIc6p2hXiKOMIqB2GoEDqrX14Hg8v2bdt6ump278s0quAUnIEL0AHXoAt6oA8GAIMvDWg1zdC+9Ype1xvLVl0rPcfgX+knP7TytuI=</latexit><latexit sha1_base64="3qZbwquivOiCl12GwFNlijzKdHM=">AAACXHicbVBdS8MwFE2r061zWhV88SU4BB/G6ERQH4ShCHuc6NxgLSVN0y0s/TBJhVH6J33TF/+K6VZBt10InJxzz83N8RJGhbSsT03f2q7s7FZrRn2vsX9gHh69ijjlmAxwzGI+8pAgjEZkIKlkZJRwgkKPkaE3eyj04TvhgsbRi5wnxAnRJKIBxUgqyjWlHSI5xYhlz7mb2TzMHnt5Du/gRn48daDdgi1ov6XIX+9Rd0n4Zv+vpma4ZtNqW4uC66BTgiYoq++aH7Yf4zQkkcQMCTHuWIl0MsQlxYzkhp0KkiA8QxMyVjBCIRFOtkgnh+eK8WEQc3UiCRfsX0eGQiHmoac6i53FqlaQm7RxKoMbJ6NRkkoS4eVDQcqgjGERNfQpJ1iyuQIIc6p2hXiKOMIqB2GoEDqrX14Hg8v2bdt6ump278s0quAUnIEL0AHXoAt6oA8GAIMvDWg1zdC+9Ype1xvLVl0rPcfgX+knP7TytuI=</latexit>

Smass = Smass[h,A,�]
<latexit sha1_base64="+7Zv6tNq9ylNjM4fCclp8D7jkXw=">AAACI3icdVDLSsNAFJ3UV62vqEs3g0VwUUoigooIVTcuK1pbaEKYTCft0JkkzEyEEvIxbvwVNy60uHHhvzhps9BWDwwczrn3zr3HjxmVyrI+jdLC4tLySnm1sra+sbllbu88yCgRmLRwxCLR8ZEkjIakpahipBMLgrjPSNsfXud++5EISaPwXo1i4nLUD2lAMVJa8sxzhyM1wIild5mXOoKnHEmZZfAC/uN0B7XLmhMPqOuZVatuTQDniV2QKijQ9Myx04twwkmoMNPDurYVKzdFQlHMSFZxEklihIeoT7qahogT6aaTIzN4oJUeDCKhX6jgRP3ZkSIu5Yj7ujJfXM56ufiX101UcOqmNIwTRUI8/ShIGFQRzBODPSoIVmykCcKC6l0hHiCBsNK5VnQI9uzJ86R1VD+rW7fH1cZVkUYZ7IF9cAhscAIa4AY0QQtg8ARewBt4N56NV2NsfExLS0bRswt+wfj6BnVOph0=</latexit><latexit sha1_base64="+7Zv6tNq9ylNjM4fCclp8D7jkXw=">AAACI3icdVDLSsNAFJ3UV62vqEs3g0VwUUoigooIVTcuK1pbaEKYTCft0JkkzEyEEvIxbvwVNy60uHHhvzhps9BWDwwczrn3zr3HjxmVyrI+jdLC4tLySnm1sra+sbllbu88yCgRmLRwxCLR8ZEkjIakpahipBMLgrjPSNsfXud++5EISaPwXo1i4nLUD2lAMVJa8sxzhyM1wIild5mXOoKnHEmZZfAC/uN0B7XLmhMPqOuZVatuTQDniV2QKijQ9Myx04twwkmoMNPDurYVKzdFQlHMSFZxEklihIeoT7qahogT6aaTIzN4oJUeDCKhX6jgRP3ZkSIu5Yj7ujJfXM56ufiX101UcOqmNIwTRUI8/ShIGFQRzBODPSoIVmykCcKC6l0hHiCBsNK5VnQI9uzJ86R1VD+rW7fH1cZVkUYZ7IF9cAhscAIa4AY0QQtg8ARewBt4N56NV2NsfExLS0bRswt+wfj6BnVOph0=</latexit><latexit sha1_base64="+7Zv6tNq9ylNjM4fCclp8D7jkXw=">AAACI3icdVDLSsNAFJ3UV62vqEs3g0VwUUoigooIVTcuK1pbaEKYTCft0JkkzEyEEvIxbvwVNy60uHHhvzhps9BWDwwczrn3zr3HjxmVyrI+jdLC4tLySnm1sra+sbllbu88yCgRmLRwxCLR8ZEkjIakpahipBMLgrjPSNsfXud++5EISaPwXo1i4nLUD2lAMVJa8sxzhyM1wIild5mXOoKnHEmZZfAC/uN0B7XLmhMPqOuZVatuTQDniV2QKijQ9Myx04twwkmoMNPDurYVKzdFQlHMSFZxEklihIeoT7qahogT6aaTIzN4oJUeDCKhX6jgRP3ZkSIu5Yj7ujJfXM56ufiX101UcOqmNIwTRUI8/ShIGFQRzBODPSoIVmykCcKC6l0hHiCBsNK5VnQI9uzJ86R1VD+rW7fH1cZVkUYZ7IF9cAhscAIa4AY0QQtg8ARewBt4N56NV2NsfExLS0bRswt+wfj6BnVOph0=</latexit>

(Arkani-Hamed, Georgi, Schwartz ’02)

Goldstone formalism introduces the d.o.f.’s that identify the cutoff of the EFT.



van Dam-Veltman-Zakharov discontinuity

Smass = Smass[h,A,�]
<latexit sha1_base64="+7Zv6tNq9ylNjM4fCclp8D7jkXw=">AAACI3icdVDLSsNAFJ3UV62vqEs3g0VwUUoigooIVTcuK1pbaEKYTCft0JkkzEyEEvIxbvwVNy60uHHhvzhps9BWDwwczrn3zr3HjxmVyrI+jdLC4tLySnm1sra+sbllbu88yCgRmLRwxCLR8ZEkjIakpahipBMLgrjPSNsfXud++5EISaPwXo1i4nLUD2lAMVJa8sxzhyM1wIild5mXOoKnHEmZZfAC/uN0B7XLmhMPqOuZVatuTQDniV2QKijQ9Myx04twwkmoMNPDurYVKzdFQlHMSFZxEklihIeoT7qahogT6aaTIzN4oJUeDCKhX6jgRP3ZkSIu5Yj7ujJfXM56ufiX101UcOqmNIwTRUI8/ShIGFQRzBODPSoIVmykCcKC6l0hHiCBsNK5VnQI9uzJ86R1VD+rW7fH1cZVkUYZ7IF9cAhscAIa4AY0QQtg8ARewBt4N56NV2NsfExLS0bRswt+wfj6BnVOph0=</latexit><latexit sha1_base64="+7Zv6tNq9ylNjM4fCclp8D7jkXw=">AAACI3icdVDLSsNAFJ3UV62vqEs3g0VwUUoigooIVTcuK1pbaEKYTCft0JkkzEyEEvIxbvwVNy60uHHhvzhps9BWDwwczrn3zr3HjxmVyrI+jdLC4tLySnm1sra+sbllbu88yCgRmLRwxCLR8ZEkjIakpahipBMLgrjPSNsfXud++5EISaPwXo1i4nLUD2lAMVJa8sxzhyM1wIild5mXOoKnHEmZZfAC/uN0B7XLmhMPqOuZVatuTQDniV2QKijQ9Myx04twwkmoMNPDurYVKzdFQlHMSFZxEklihIeoT7qahogT6aaTIzN4oJUeDCKhX6jgRP3ZkSIu5Yj7ujJfXM56ufiX101UcOqmNIwTRUI8/ShIGFQRzBODPSoIVmykCcKC6l0hHiCBsNK5VnQI9uzJ86R1VD+rW7fH1cZVkUYZ7IF9cAhscAIa4AY0QQtg8ARewBt4N56NV2NsfExLS0bRswt+wfj6BnVOph0=</latexit><latexit sha1_base64="+7Zv6tNq9ylNjM4fCclp8D7jkXw=">AAACI3icdVDLSsNAFJ3UV62vqEs3g0VwUUoigooIVTcuK1pbaEKYTCft0JkkzEyEEvIxbvwVNy60uHHhvzhps9BWDwwczrn3zr3HjxmVyrI+jdLC4tLySnm1sra+sbllbu88yCgRmLRwxCLR8ZEkjIakpahipBMLgrjPSNsfXud++5EISaPwXo1i4nLUD2lAMVJa8sxzhyM1wIild5mXOoKnHEmZZfAC/uN0B7XLmhMPqOuZVatuTQDniV2QKijQ9Myx04twwkmoMNPDurYVKzdFQlHMSFZxEklihIeoT7qahogT6aaTIzN4oJUeDCKhX6jgRP3ZkSIu5Yj7ujJfXM56ufiX101UcOqmNIwTRUI8/ShIGFQRzBODPSoIVmykCcKC6l0hHiCBsNK5VnQI9uzJ86R1VD+rW7fH1cZVkUYZ7IF9cAhscAIa4AY0QQtg8ARewBt4N56NV2NsfExLS0bRswt+wfj6BnVOph0=</latexit>

non-decoupling fifth-force

hµ⌫ ! hµ⌫ +m2⌘µ⌫�
<latexit sha1_base64="Xp+Zt0l8pv9whR4LeEaEzTJjbkM=">AAACGnicbVBPS8MwHE39O+e/qkcvwSEIwmiHoN6GXjxOsG6w1pJm6RqWpCVJhVH2Pbz4Vbx4UPEmXvw2ZlsPc/NB4OW99yP5vShjVGnH+bGWlldW19YrG9XNre2dXXtv/16lucTEwylLZSdCijAqiKepZqSTSYJ4xEg7GlyP/fYjkYqm4k4PMxJw1Bc0phhpI4V2IwkLn+e+yEfQ1ymcuZ5C/tCAPtFoJpIlNLRrTt2ZAC4StyQ1UKIV2l9+L8U5J0JjhpTquk6mgwJJTTEjo6qfK5IhPEB90jVUIE5UUEx2G8Fjo/RgnEpzhIYTdXaiQFypIY9MkiOdqHlvLP7ndXMdXwQFFVmuicDTh+KcQVPCuCjYo5JgzYaGICyp+SvECZIIa1Nn1ZTgzq+8SLxG/bLu3J7VmldlGxVwCI7ACXDBOWiCG9ACHsDgCbyAN/BuPVuv1of1OY0uWeXMAfgD6/sXMzOhGA==</latexit><latexit sha1_base64="Xp+Zt0l8pv9whR4LeEaEzTJjbkM=">AAACGnicbVBPS8MwHE39O+e/qkcvwSEIwmiHoN6GXjxOsG6w1pJm6RqWpCVJhVH2Pbz4Vbx4UPEmXvw2ZlsPc/NB4OW99yP5vShjVGnH+bGWlldW19YrG9XNre2dXXtv/16lucTEwylLZSdCijAqiKepZqSTSYJ4xEg7GlyP/fYjkYqm4k4PMxJw1Bc0phhpI4V2IwkLn+e+yEfQ1ymcuZ5C/tCAPtFoJpIlNLRrTt2ZAC4StyQ1UKIV2l9+L8U5J0JjhpTquk6mgwJJTTEjo6qfK5IhPEB90jVUIE5UUEx2G8Fjo/RgnEpzhIYTdXaiQFypIY9MkiOdqHlvLP7ndXMdXwQFFVmuicDTh+KcQVPCuCjYo5JgzYaGICyp+SvECZIIa1Nn1ZTgzq+8SLxG/bLu3J7VmldlGxVwCI7ACXDBOWiCG9ACHsDgCbyAN/BuPVuv1of1OY0uWeXMAfgD6/sXMzOhGA==</latexit><latexit sha1_base64="Xp+Zt0l8pv9whR4LeEaEzTJjbkM=">AAACGnicbVBPS8MwHE39O+e/qkcvwSEIwmiHoN6GXjxOsG6w1pJm6RqWpCVJhVH2Pbz4Vbx4UPEmXvw2ZlsPc/NB4OW99yP5vShjVGnH+bGWlldW19YrG9XNre2dXXtv/16lucTEwylLZSdCijAqiKepZqSTSYJ4xEg7GlyP/fYjkYqm4k4PMxJw1Bc0phhpI4V2IwkLn+e+yEfQ1ymcuZ5C/tCAPtFoJpIlNLRrTt2ZAC4StyQ1UKIV2l9+L8U5J0JjhpTquk6mgwJJTTEjo6qfK5IhPEB90jVUIE5UUEx2G8Fjo/RgnEpzhIYTdXaiQFypIY9MkiOdqHlvLP7ndXMdXwQFFVmuicDTh+KcQVPCuCjYo5JgzYaGICyp+SvECZIIa1Nn1ZTgzq+8SLxG/bLu3J7VmldlGxVwCI7ACXDBOWiCG9ACHsDgCbyAN/BuPVuv1of1OY0uWeXMAfgD6/sXMzOhGA==</latexit>

1
MPl

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



F
igure

1:

1

A

1

F
igure

1:

1

A

1

F
igure

1:

1

A

1

F
ig
ur

e
1:

1

A

1

r
<latexit sha1_base64="+bWfWkp5oCSLj29GkVTv3nQe+Y4=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaqlepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuuc2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP0s7jMk=</latexit><latexit sha1_base64="+bWfWkp5oCSLj29GkVTv3nQe+Y4=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaqlepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuuc2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP0s7jMk=</latexit><latexit sha1_base64="+bWfWkp5oCSLj29GkVTv3nQe+Y4=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaqlepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuuc2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP0s7jMk=</latexit>

V (r)
<latexit sha1_base64="xWrBuGEJFzCx+YGyt2F9Mz+TAUk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahXkoignorevFYwbSFNpTNdtMu3d2E3Y1QQv+CFw8qXv1F3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpf7nSeqNIvlo5kmNBB4JFnECDa51K6r80G15jbcOdAq8QpSgwKtQfWrP4xJKqg0hGOte56bmCDDyjDC6azSTzVNMJngEe1ZKrGgOsjmt87QmVWGKIqVLWnQXP09kWGh9VSEtlNgM9bLXi7+5/VSE10HGZNJaqgki0VRypGJUf44GjJFieFTSzBRzN6KyBgrTIyNp2JD8JZfXiX+ReOm4T5c1pq3RRplOIFTqIMHV9CEe2iBDwTG8Ayv8OYI58V5dz4WrSWnmDmGP3A+fwC4Mo2O</latexit><latexit sha1_base64="xWrBuGEJFzCx+YGyt2F9Mz+TAUk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahXkoignorevFYwbSFNpTNdtMu3d2E3Y1QQv+CFw8qXv1F3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpf7nSeqNIvlo5kmNBB4JFnECDa51K6r80G15jbcOdAq8QpSgwKtQfWrP4xJKqg0hGOte56bmCDDyjDC6azSTzVNMJngEe1ZKrGgOsjmt87QmVWGKIqVLWnQXP09kWGh9VSEtlNgM9bLXi7+5/VSE10HGZNJaqgki0VRypGJUf44GjJFieFTSzBRzN6KyBgrTIyNp2JD8JZfXiX+ReOm4T5c1pq3RRplOIFTqIMHV9CEe2iBDwTG8Ayv8OYI58V5dz4WrSWnmDmGP3A+fwC4Mo2O</latexit><latexit sha1_base64="xWrBuGEJFzCx+YGyt2F9Mz+TAUk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahXkoignorevFYwbSFNpTNdtMu3d2E3Y1QQv+CFw8qXv1F3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpf7nSeqNIvlo5kmNBB4JFnECDa51K6r80G15jbcOdAq8QpSgwKtQfWrP4xJKqg0hGOte56bmCDDyjDC6azSTzVNMJngEe1ZKrGgOsjmt87QmVWGKIqVLWnQXP09kWGh9VSEtlNgM9bLXi7+5/VSE10HGZNJaqgki0VRypGJUf44GjJFieFTSzBRzN6KyBgrTIyNp2JD8JZfXiX+ReOm4T5c1pq3RRplOIFTqIMHV9CEe2iBDwTG8Ayv8OYI58V5dz4WrSWnmDmGP3A+fwC4Mo2O</latexit>

⇠ e�mr/r
<latexit sha1_base64="qFtP7nR3lzZ3qgHyJzxdc/lpQ+o=">AAAB9HicbVBNTwIxEO3iF+IX6tFLIzHxIu4aE/VG9OIRE1dIYCHdMgsNbXfTdjVkw//w4kGNV3+MN/+NBfag4EsmeXlvJjPzwoQzbVz32yksLa+srhXXSxubW9s75d29Bx2nioJPYx6rZkg0cCbBN8xwaCYKiAg5NMLhzcRvPILSLJb3ZpRAIEhfsohRYqzUaWsmMHSyE6HGp6pbrrhVdwq8SLycVFCOerf81e7FNBUgDeVE65bnJibIiDKMchiX2qmGhNAh6UPLUkkE6CCbXj3GR1bp4ShWtqTBU/X3REaE1iMR2k5BzEDPexPxP6+VmugyyJhMUgOSzhZFKccmxpMIcI8poIaPLCFUMXsrpgOiCDU2qJINwZt/eZH4Z9Wrqnt3Xqld52kU0QE6RMfIQxeohm5RHfmIIoWe0St6c56cF+fd+Zi1Fpx8Zh/9gfP5A3Q7kgY=</latexit><latexit sha1_base64="qFtP7nR3lzZ3qgHyJzxdc/lpQ+o=">AAAB9HicbVBNTwIxEO3iF+IX6tFLIzHxIu4aE/VG9OIRE1dIYCHdMgsNbXfTdjVkw//w4kGNV3+MN/+NBfag4EsmeXlvJjPzwoQzbVz32yksLa+srhXXSxubW9s75d29Bx2nioJPYx6rZkg0cCbBN8xwaCYKiAg5NMLhzcRvPILSLJb3ZpRAIEhfsohRYqzUaWsmMHSyE6HGp6pbrrhVdwq8SLycVFCOerf81e7FNBUgDeVE65bnJibIiDKMchiX2qmGhNAh6UPLUkkE6CCbXj3GR1bp4ShWtqTBU/X3REaE1iMR2k5BzEDPexPxP6+VmugyyJhMUgOSzhZFKccmxpMIcI8poIaPLCFUMXsrpgOiCDU2qJINwZt/eZH4Z9Wrqnt3Xqld52kU0QE6RMfIQxeohm5RHfmIIoWe0St6c56cF+fd+Zi1Fpx8Zh/9gfP5A3Q7kgY=</latexit><latexit sha1_base64="qFtP7nR3lzZ3qgHyJzxdc/lpQ+o=">AAAB9HicbVBNTwIxEO3iF+IX6tFLIzHxIu4aE/VG9OIRE1dIYCHdMgsNbXfTdjVkw//w4kGNV3+MN/+NBfag4EsmeXlvJjPzwoQzbVz32yksLa+srhXXSxubW9s75d29Bx2nioJPYx6rZkg0cCbBN8xwaCYKiAg5NMLhzcRvPILSLJb3ZpRAIEhfsohRYqzUaWsmMHSyE6HGp6pbrrhVdwq8SLycVFCOerf81e7FNBUgDeVE65bnJibIiDKMchiX2qmGhNAh6UPLUkkE6CCbXj3GR1bp4ShWtqTBU/X3REaE1iMR2k5BzEDPexPxP6+VmugyyJhMUgOSzhZFKccmxpMIcI8poIaPLCFUMXsrpgOiCDU2qJINwZt/eZH4Z9Wrqnt3Xqld52kU0QE6RMfIQxeohm5RHfmIIoWe0St6c56cF+fd+Zi1Fpx8Zh/9gfP5A3Q7kgY=</latexit>

IR

UV

h ⇠ 1/r
<latexit sha1_base64="yWIipjfzG7EPNt1jAxnj3gmeLhA=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqe6KoN6KXjxWcG2xXUo2zbahSXZJskJZ+i+8eFDx6s/x5r8xbfeg1QcDj/dmmJkXpYIb63lfqLS0vLK6Vl6vbGxube9Ud/fuTZJpygKaiES3I2KY4IoFllvB2qlmREaCtaLR9dRvPTJteKLu7DhloSQDxWNOiXXSwxB3DZfYP9G9as2rezPgv8QvSA0KNHvVz24/oZlkylJBjOn4XmrDnGjLqWCTSjczLCV0RAas46gikpkwn108wUdO6eM40a6UxTP150ROpDFjGblOSezQLHpT8T+vk9n4Isy5SjPLFJ0vijOBbYKn7+M+14xaMXaEUM3drZgOiSbUupAqLgR/8eW/JDitX9a927Na46pIowwHcAjH4MM5NOAGmhAABQVP8AKvyKBn9Ibe560lVMzswy+gj2+x4I/Q</latexit><latexit sha1_base64="yWIipjfzG7EPNt1jAxnj3gmeLhA=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqe6KoN6KXjxWcG2xXUo2zbahSXZJskJZ+i+8eFDx6s/x5r8xbfeg1QcDj/dmmJkXpYIb63lfqLS0vLK6Vl6vbGxube9Ud/fuTZJpygKaiES3I2KY4IoFllvB2qlmREaCtaLR9dRvPTJteKLu7DhloSQDxWNOiXXSwxB3DZfYP9G9as2rezPgv8QvSA0KNHvVz24/oZlkylJBjOn4XmrDnGjLqWCTSjczLCV0RAas46gikpkwn108wUdO6eM40a6UxTP150ROpDFjGblOSezQLHpT8T+vk9n4Isy5SjPLFJ0vijOBbYKn7+M+14xaMXaEUM3drZgOiSbUupAqLgR/8eW/JDitX9a927Na46pIowwHcAjH4MM5NOAGmhAABQVP8AKvyKBn9Ibe560lVMzswy+gj2+x4I/Q</latexit><latexit sha1_base64="yWIipjfzG7EPNt1jAxnj3gmeLhA=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqe6KoN6KXjxWcG2xXUo2zbahSXZJskJZ+i+8eFDx6s/x5r8xbfeg1QcDj/dmmJkXpYIb63lfqLS0vLK6Vl6vbGxube9Ud/fuTZJpygKaiES3I2KY4IoFllvB2qlmREaCtaLR9dRvPTJteKLu7DhloSQDxWNOiXXSwxB3DZfYP9G9as2rezPgv8QvSA0KNHvVz24/oZlkylJBjOn4XmrDnGjLqWCTSjczLCV0RAas46gikpkwn108wUdO6eM40a6UxTP150ROpDFjGblOSezQLHpT8T+vk9n4Isy5SjPLFJ0vijOBbYKn7+M+14xaMXaEUM3drZgOiSbUupAqLgR/8eW/JDitX9a927Na46pIowwHcAjH4MM5NOAGmhAABQVP8AKvyKBn9Ibe560lVMzswy+gj2+x4I/Q</latexit>

Scalar mode couples to non-relativistic matter but not to radiation.

MG is not only an IR modification of GR, but also UV.

Earth-Moon system light bending

� ⇠ 1/r
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>



Scalar amplitudes of Massive Gravity

Smass = Smass[h,A,�]
<latexit sha1_base64="+7Zv6tNq9ylNjM4fCclp8D7jkXw=">AAACI3icdVDLSsNAFJ3UV62vqEs3g0VwUUoigooIVTcuK1pbaEKYTCft0JkkzEyEEvIxbvwVNy60uHHhvzhps9BWDwwczrn3zr3HjxmVyrI+jdLC4tLySnm1sra+sbllbu88yCgRmLRwxCLR8ZEkjIakpahipBMLgrjPSNsfXud++5EISaPwXo1i4nLUD2lAMVJa8sxzhyM1wIild5mXOoKnHEmZZfAC/uN0B7XLmhMPqOuZVatuTQDniV2QKijQ9Myx04twwkmoMNPDurYVKzdFQlHMSFZxEklihIeoT7qahogT6aaTIzN4oJUeDCKhX6jgRP3ZkSIu5Yj7ujJfXM56ufiX101UcOqmNIwTRUI8/ShIGFQRzBODPSoIVmykCcKC6l0hHiCBsNK5VnQI9uzJ86R1VD+rW7fH1cZVkUYZ7IF9cAhscAIa4AY0QQtg8ARewBt4N56NV2NsfExLS0bRswt+wfj6BnVOph0=</latexit><latexit sha1_base64="+7Zv6tNq9ylNjM4fCclp8D7jkXw=">AAACI3icdVDLSsNAFJ3UV62vqEs3g0VwUUoigooIVTcuK1pbaEKYTCft0JkkzEyEEvIxbvwVNy60uHHhvzhps9BWDwwczrn3zr3HjxmVyrI+jdLC4tLySnm1sra+sbllbu88yCgRmLRwxCLR8ZEkjIakpahipBMLgrjPSNsfXud++5EISaPwXo1i4nLUD2lAMVJa8sxzhyM1wIild5mXOoKnHEmZZfAC/uN0B7XLmhMPqOuZVatuTQDniV2QKijQ9Myx04twwkmoMNPDurYVKzdFQlHMSFZxEklihIeoT7qahogT6aaTIzN4oJUeDCKhX6jgRP3ZkSIu5Yj7ujJfXM56ufiX101UcOqmNIwTRUI8/ShIGFQRzBODPSoIVmykCcKC6l0hHiCBsNK5VnQI9uzJ86R1VD+rW7fH1cZVkUYZ7IF9cAhscAIa4AY0QQtg8ARewBt4N56NV2NsfExLS0bRswt+wfj6BnVOph0=</latexit><latexit sha1_base64="+7Zv6tNq9ylNjM4fCclp8D7jkXw=">AAACI3icdVDLSsNAFJ3UV62vqEs3g0VwUUoigooIVTcuK1pbaEKYTCft0JkkzEyEEvIxbvwVNy60uHHhvzhps9BWDwwczrn3zr3HjxmVyrI+jdLC4tLySnm1sra+sbllbu88yCgRmLRwxCLR8ZEkjIakpahipBMLgrjPSNsfXud++5EISaPwXo1i4nLUD2lAMVJa8sxzhyM1wIild5mXOoKnHEmZZfAC/uN0B7XLmhMPqOuZVatuTQDniV2QKijQ9Myx04twwkmoMNPDurYVKzdFQlHMSFZxEklihIeoT7qahogT6aaTIzN4oJUeDCKhX6jgRP3ZkSIu5Yj7ujJfXM56ufiX101UcOqmNIwTRUI8/ShIGFQRzBODPSoIVmykCcKC6l0hHiCBsNK5VnQI9uzJ86R1VD+rW7fH1cZVkUYZ7IF9cAhscAIa4AY0QQtg8ARewBt4N56NV2NsfExLS0bRswt+wfj6BnVOph0=</latexit>

hµ⌫ ! hµ⌫ +m2⌘µ⌫�
<latexit sha1_base64="Xp+Zt0l8pv9whR4LeEaEzTJjbkM=">AAACGnicbVBPS8MwHE39O+e/qkcvwSEIwmiHoN6GXjxOsG6w1pJm6RqWpCVJhVH2Pbz4Vbx4UPEmXvw2ZlsPc/NB4OW99yP5vShjVGnH+bGWlldW19YrG9XNre2dXXtv/16lucTEwylLZSdCijAqiKepZqSTSYJ4xEg7GlyP/fYjkYqm4k4PMxJw1Bc0phhpI4V2IwkLn+e+yEfQ1ymcuZ5C/tCAPtFoJpIlNLRrTt2ZAC4StyQ1UKIV2l9+L8U5J0JjhpTquk6mgwJJTTEjo6qfK5IhPEB90jVUIE5UUEx2G8Fjo/RgnEpzhIYTdXaiQFypIY9MkiOdqHlvLP7ndXMdXwQFFVmuicDTh+KcQVPCuCjYo5JgzYaGICyp+SvECZIIa1Nn1ZTgzq+8SLxG/bLu3J7VmldlGxVwCI7ACXDBOWiCG9ACHsDgCbyAN/BuPVuv1of1OY0uWeXMAfgD6/sXMzOhGA==</latexit><latexit sha1_base64="Xp+Zt0l8pv9whR4LeEaEzTJjbkM=">AAACGnicbVBPS8MwHE39O+e/qkcvwSEIwmiHoN6GXjxOsG6w1pJm6RqWpCVJhVH2Pbz4Vbx4UPEmXvw2ZlsPc/NB4OW99yP5vShjVGnH+bGWlldW19YrG9XNre2dXXtv/16lucTEwylLZSdCijAqiKepZqSTSYJ4xEg7GlyP/fYjkYqm4k4PMxJw1Bc0phhpI4V2IwkLn+e+yEfQ1ymcuZ5C/tCAPtFoJpIlNLRrTt2ZAC4StyQ1UKIV2l9+L8U5J0JjhpTquk6mgwJJTTEjo6qfK5IhPEB90jVUIE5UUEx2G8Fjo/RgnEpzhIYTdXaiQFypIY9MkiOdqHlvLP7ndXMdXwQFFVmuicDTh+KcQVPCuCjYo5JgzYaGICyp+SvECZIIa1Nn1ZTgzq+8SLxG/bLu3J7VmldlGxVwCI7ACXDBOWiCG9ACHsDgCbyAN/BuPVuv1of1OY0uWeXMAfgD6/sXMzOhGA==</latexit><latexit sha1_base64="Xp+Zt0l8pv9whR4LeEaEzTJjbkM=">AAACGnicbVBPS8MwHE39O+e/qkcvwSEIwmiHoN6GXjxOsG6w1pJm6RqWpCVJhVH2Pbz4Vbx4UPEmXvw2ZlsPc/NB4OW99yP5vShjVGnH+bGWlldW19YrG9XNre2dXXtv/16lucTEwylLZSdCijAqiKepZqSTSYJ4xEg7GlyP/fYjkYqm4k4PMxJw1Bc0phhpI4V2IwkLn+e+yEfQ1ymcuZ5C/tCAPtFoJpIlNLRrTt2ZAC4StyQ1UKIV2l9+L8U5J0JjhpTquk6mgwJJTTEjo6qfK5IhPEB90jVUIE5UUEx2G8Fjo/RgnEpzhIYTdXaiQFypIY9MkiOdqHlvLP7ndXMdXwQFFVmuicDTh+KcQVPCuCjYo5JgzYaGICyp+SvECZIIa1Nn1ZTgzq+8SLxG/bLu3J7VmldlGxVwCI7ACXDBOWiCG9ACHsDgCbyAN/BuPVuv1of1OY0uWeXMAfgD6/sXMzOhGA==</latexit>

L� =
1

2
(@�)2 +

c

⇤6
3

(@�)2(@2�)2 + · · ·
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

NDA

(Nicolis, Rattazzi, Trincherini ’08)

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

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

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

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

M ⇠
✓

E

⇤3

◆6

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

⇤ = g1/3⇤ ⇤3
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⇤3 = (m2MPl)
1/3 ⇡ (103 km)�1
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Theoretical constraint on Massive Gravity
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2

⇡

Z 1 ds

s2

X

X

�AB!X(s) > 0
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(Bellazzini, Riva, JS, Sgarlata ’17)

mass > max-cutoff × O(1/106) × 2-loop × accuracy6

M = #
stu

⇤6
3

+#0 m2 s
2

⇤6
3

+ · · ·
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m > 4⇡MPl #
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Cutoff of Massive Gravity

m ⇡ H0 ⇡ (1028cm)�1 ⇡ 2⇥ 10�33eV
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Light graviton at the expense of EFT validity and predictivity.

rMoon ⇡ 4⇥ 105 km
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⇤ ⇡ (1⇥ 106 km)�1
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Vainshtein screening

Schwarzschild radius:

fixed by gauge invariance

rS ⇠ M•
M2

Pl
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where graviton non-linearities become O(1).
h

<latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit><latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit><latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit>

h
<latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit><latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit><latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit>

h
<latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit><latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit><latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit>

Vainshtein radius:

where scalar non-linearities become O(1).

Non-linearities are crucial to evade fifth-force experimental constraints.
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(@2�)

⇤3
3

+ · · ·
�
+

�

MPl
Tµ

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

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

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

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

� ⇠ 1/r
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

� ⇠
p
r

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

LEH =
1

2
(@h)2


1 +

h

MPl

+ · · ·
�
+

hµ⌫

MPl

Tµ⌫

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



Fifth-force experiments / Moon’s orbital precession

Very sensitive experimental probe of gravity.

Within Vainshtein region:

Currently a very interesting probe of MG.

(Dvali, Gruzinov, Zaldarriaga ’02)
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Within Vainshtein region:

MG (dRGT-theory) is experimentally compromised.*

Why should Vainshtein screening be operative close and beyond the EFT cutoff? 
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Weak Gravity Conjecture
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Extremal black holes

Mild form of the WGC: There exist states for which gravity is the weakest force.

(Arkani-Hamed et al. ’06)

Extremal BHs are kinematically allowed to decay.
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Extremal black holes in Einstein-Maxwell EFT
(Arkani-Hamed et al. ’06)

Effects of leading higher-dimensional operators on BH extremality.

(Kats, Motl, Padi ’06)

If                      , extremal black holes are in fact the required states (gravity is weakest).
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Gravitational Coulomb singularity
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Turning on gravity gives rise to a universal forward singularity.

M(t ! 0) = � 1
MPl

s
2

t
+O(s)

<latexit sha1_base64="q35iedfKbYnc+ccwpOPnSu3mIns="></latexit>

M̂00
AB(s = 0) =

2

⇡

Z 1 ds

s2

X

X

�AB!X(s) > 0
<latexit sha1_base64="p0QXxiWEfCWb/ZB0tjppGPFrxtk="></latexit><latexit sha1_base64="p0QXxiWEfCWb/ZB0tjppGPFrxtk="></latexit><latexit sha1_base64="p0QXxiWEfCWb/ZB0tjppGPFrxtk="></latexit>

1 = 1
<latexit sha1_base64="+qB7DN9i3ZmzjTKN6O/uvnIsDVE=">AAAB+HicbZBNS8NAEIYnftb60ahHL4tF8FQSFfQiFL14rGA/oA1ls920SzebsDsRaukv8eJBEa/+FG/+G7dtDtr6wsLDOzPM7BumUhj0vG9nZXVtfWOzsFXc3tndK7n7Bw2TZJrxOktkolshNVwKxesoUPJWqjmNQ8mb4fB2Wm8+cm1Eoh5wlPIgpn0lIsEoWqvrljpCRTgi12QOXbfsVbyZyDL4OZQhV63rfnV6CctirpBJakzb91IMxlSjYJJPip3M8JSyIe3ztkVFY26C8ezwCTmxTo9EibZPIZm5vyfGNDZmFIe2M6Y4MIu1qflfrZ1hdBWMhUoz5IrNF0WZJJiQaQqkJzRnKEcWKNPC3krYgGrK0GZVtCH4i19ehsZZxT+vePcX5epNHkcBjuAYTsGHS6jCHdSgDgwyeIZXeHOenBfn3fmYt644+cwh/JHz+QM4RJLM</latexit>

F
ig

ur
e

1:

1
A

1

hµ⌫
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

F
ig

ur
e

1:

1
A

1

⇥
<latexit sha1_base64="s2RFnFggw6XNNBLeMFWUou8f+NQ=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0V9Bj04jGCeUCyhNnJbDJmdmaZ6RVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNqzPDeJ1pqU0ropZLoXgdBUreSg2nSSR5MxreTv3mEzdWaPWAo5SHCe0rEQtG0UmNDoqE226p7Ff8GcgyCXJShhy1bumr09MsS7hCJqm17cBPMRxTg4JJPil2MstTyoa0z9uOKuqWhOPZtRNy6pQeibVxpZDM1N8TY5pYO0oi15lQHNhFbyr+57UzjK/DsVBphlyx+aI4kwQ1mb5OesJwhnLkCGVGuFsJG1BDGbqAii6EYPHlZdI4rwQXFf/+sly9yeMowDGcwBkEcAVVuIMa1IHBIzzDK7x52nvx3r2PeeuKl88cwR94nz+21Y82</latexit>

F
ig

ur
e

1:

1
A

1

t ! 0
<latexit sha1_base64="Y3GBe+gEwmCVsK/ejRwixQClPAc=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQq6LLoxmUF+4A2lMl00g6dTMLMjVBCP8KNC0Xc+j3u/BunaRbaemDgcM69zD0nSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu7nfeeLaiFg94jThfkRHSoSCUbRSB0kfY+IOqjW37uYgq8QrSA0KNAfVr/4wZmnEFTJJjel5boJ+RjUKJvms0k8NTyib0BHvWapoxI2f5efOyJlVhiSMtX0KSa7+3shoZMw0CuxkRHFslr25+J/XSzG88TOhkhS5YouPwlQSG3GenQyF5gzl1BLKtLC3EjammjK0DVVsCd5y5FXSvqh7l3X34arWuC3qKMMJnMI5eHANDbiHJrSAwQSe4RXenMR5cd6dj8VoySl2juEPnM8fUuOO5Q==</latexit>

Factorization in the forward limit: soft graviton probes arbitrarily large distances.
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Compactifying to 3D

To regulate the Coulomb singularity while retaining Lorentz invariance.

4D flat space 3D flat space
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<latexit sha1_base64="kYKgmsFiWb15su/aMKrsdDAz2Fg=">AAACLHicbVDLSgMxFM34rPVVdekmWAQXWmZU0GXRjeBGwVahU4ZMetuGJpkhuSOWoR/kxl8RxIUibv0O01rF14WEk3PO5eaeOJXCou8/exOTU9Mzs4W54vzC4tJyaWW1bpPMcKjxRCbmKmYWpNBQQ4ESrlIDTMUSLuPe8VC/vAZjRaIvsJ9CU7GOFm3BGToqKh13ojxUGQ11NqDhNt0eXqEVHcW+nvVo5PgUEW7QqPz0dEclLbADGpXKfsUfFf0LgjEok3GdRaWHsJXwTIFGLpm1jcBPsZkzg4JLGBTDzELKeI91oOGgZgpsMx8tO6CbjmnRdmLc0UhH7PeOnClr+yp2TsWwa39rQ/I/rZFh+7CZC51mCJp/DGpnkmJCh8nRljDAUfYdYNwI91fKu8wwji7fogsh+L3yX1DfrQR7Ff98v1w9GsdRIOtkg2yRgByQKjkhZ6RGOLkl9+SJPHt33qP34r1+WCe8cc8a+VHe2zuSAqQt</latexit>

non-dynamical metric

dilaton
graviphoton

m2
n ⇠ n2

L2
<latexit sha1_base64="6An14P3p/T1iFtEgQ02QCqOtNDU=">AAACBHicbVC7TsMwFL0pr1JeBcYuFhUSU5UUJBgrWBgYikQfUhsix3Vaq7YT2Q5SFXVg4VdYGECIlY9g429wHwO0HMnW8Tn36vqeMOFMG9f9dnIrq2vrG/nNwtb2zu5ecf+gqeNUEdogMY9VO8SaciZpwzDDaTtRFIuQ01Y4vJr4rQeqNIvlnRkl1Be4L1nECDZWCoolEcj7KupqJlDXRAqTzL7H2Y29gmLZrbhToGXizUkZ5qgHxa9uLyapoNIQjrXueG5i/Awrwwin40I31TTBZIj7tGOpxIJqP5suMUbHVumhKFb2SIOm6u+ODAutRyK0lQKbgV70JuJ/Xic10YWfMZmkhkoyGxSlHJkYTRJBPaYoMXxkCSaK2b8iMsA2CWNzK9gQvMWVl0mzWvFOK+7tWbl2OY8jDyU4ghPw4BxqcA11aACBR3iGV3hznpwX5935mJXmnHnPIfyB8/kD6mmXoA==</latexit>

ÂM
<latexit sha1_base64="xFJ14YTAnggGhQ4OnZ0VmpPzrH4=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPVixehgv3ANpTNdtMu3WzC7kQoof/CiwdFvPpvvPlv3LY5aPXBwOO9GWbmBYkUBl33yyksLa+srhXXSxubW9s75d29polTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdD31W49cGxGrexwn3I/oQIlQMIpWeugOKZLLXnY76ZUrbtWdgfwlXk4qkKPeK392+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx28YQcWaVPwljbUkhm6s+JjEbGjKPAdkYUh2bRm4r/eZ0Uwws/EypJkSs2XxSmkmBMpu+TvtCcoRxbQpkW9lbChlRThjakkg3BW3z5L2meVL3Tqnt3Vqld5XEU4QAO4Rg8OIca3EAdGsBAwRO8wKtjnGfnzXmftxacfGYffsH5+AYJD5B+</latexit>

photon scalarphoton

(Bellazzini, Lewandowski, JS ’19)



Einstein-Maxwell EFT from 4D to 3D

S = L

Z
d3x

p
�g⇥

<latexit sha1_base64="ewctCOKp/B1IUIoimYd24DZ3pyQ=">AAACGHicbVC7SgNBFJ2Nrxhfq5Y2g0Gw0LhrBG2EoI2FRUTzgGwMs5NJMmT24cxdMSz7GTb+io2FIrbp/BtnkxSaeODC4dx7ufccNxRcgWV9G5m5+YXFpexybmV1bX3D3NyqqiCSlFVoIAJZd4ligvusAhwEq4eSEc8VrOb2L9N+7ZFJxQP/DgYha3qk6/MOpwS01DKPHI9AjxIR3yb4HF9j7HAfcPu++IQd9SAhPsTdBDsH2AHuMdUy81bBGgHPEntC8miCcsscOu2ARh7zgQqiVMO2QmjGRAKngiU5J1IsJLRPuqyhqU/0kWY8MpbgPa20cSeQuvRXI/X3Rkw8pQaeqydTG2q6l4r/9RoRdM6aMffDCJhPx4c6kcAQ4DQl3OaSURADTQiVXP+KaY9IQkFnmdMh2NOWZ0n1uGAXC9bNSb50MYkji3bQLtpHNjpFJXSFyqiCKHpGr+gdfRgvxpvxaXyNRzPGZGcb/YEx/AH5dp55</latexit>

� 1
4 (1� �)Fµ⌫Fµ⌫ � (1 + �) 12 (@�)

2 � 1
2Fµ⌫V

µ⌫�
<latexit sha1_base64="Pxld4+8dJlOxL9cKrgaLQuJnTLk="></latexit>

R� 1
2 (@�)

2 � 1
4V

µ⌫Vµ⌫
<latexit sha1_base64="gv1M9QWpNjHAJRwg7Gt8Wt1niQ4="></latexit>

↵3
1

M4
Pl

⇥
F⇢µF

⇢⌫Fµ�F⌫� � 1
2F

4 � (@�)4 + 1
2F

2(@�)2
⇤

<latexit sha1_base64="6F4gocl7ZRT6/bfIfGDdW1s+xmU="></latexit>

↵1
1

4M4
Pl

�
Fµ⌫Fµ⌫ + 2(@�)2

�2
+ ↵2

1
M4

Pl
(✏µ⌫⇢Fµ⌫@⇢�)

2

<latexit sha1_base64="TH6qmgMzWpJfLZz5lIqo75bMkrA="></latexit>

�↵3
1

M2
Pl
[(F⇢µF

⇢
⌫ � @µ�@⌫�)rµr⌫� + Fµ⌫@⇢� (r⇢V µ⌫ + gµ⇢r↵V

⌫↵)]
<latexit sha1_base64="BltRqtx7ujlHLTHbmR5nob+WXL0="></latexit>

+KK-modes
<latexit sha1_base64="hMP88BrVUv9HMV24fB8q5KB3uqE=">AAAB/3icbVDLSgNBEJyNrxhfUcGLl8EgCGrYVUGPQS9CLhHMA5IQZiedOGRmd5npFcOag7/ixYMiXv0Nb/6Nk8dBEwsaiqpuurv8SAqDrvvtpObmFxaX0suZldW19Y3s5lbFhLHmUOahDHXNZwakCKCMAiXUIg1M+RKqfu9q6FfvQRsRBrfYj6CpWDcQHcEZWqmV3TmkjSPaQHhArZJi8ViFbTCDVjbn5t0R6CzxJiRHJii1sl+NdshjBQFyyYype26EzYRpFFzCINOIDUSM91gX6pYGTIFpJqP7B3TfKm3aCbWtAOlI/T2RMGVMX/m2UzG8M9PeUPzPq8fYuWgmIohihICPF3ViSTGkwzBoW2jgKPuWMK6FvZXyO6YZRxtZxobgTb88Syonee80796c5QqXkzjSZJfskQPikXNSINekRMqEk0fyTF7Jm/PkvDjvzse4NeVMZrbJHzifP8PDlU8=</latexit>



Cancelling “Coulomb” singularity

M̂00
AB(s = 0) =

2

⇡

Z 1 ds

s2

X

X

�AB!X(s) > 0
<latexit sha1_base64="p0QXxiWEfCWb/ZB0tjppGPFrxtk="></latexit><latexit sha1_base64="p0QXxiWEfCWb/ZB0tjppGPFrxtk="></latexit><latexit sha1_base64="p0QXxiWEfCWb/ZB0tjppGPFrxtk="></latexit>

Same procedure holds with loops of KK-modes (the ones that actually matter).

Figure 1:

1 A

1

H
(n)
µ⌫

<latexit sha1_base64="/n4OPF8cP/f9qsipVIup2nNJwQU=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBHqpiQq6LLopssK9gFNDJPppB06mYR5KCXmU9y4UMStX+LOv3HaZqGtBy4czrmXe+8JU0alcpxva2V1bX1js7RV3t7Z3du3KwcdmWiBSRsnLBG9EEnCKCdtRRUjvVQQFIeMdMPxzdTvPhAhacLv1CQlfoyGnEYUI2WkwK40g8yLNfS4zu+zGj/NA7vq1J0Z4DJxC1IFBVqB/eUNEqxjwhVmSMq+66TKz5BQFDOSlz0tSYrwGA1J31COYiL9bHZ6Dk+MMoBRIkxxBWfq74kMxVJO4tB0xkiN5KI3Ff/z+lpFV35GeaoV4Xi+KNIMqgROc4ADKghWbGIIwoKaWyEeIYGwMmmVTQju4svLpHNWd8/rzu1FtXFdxFECR+AY1IALLkEDNEELtAEGj+AZvII368l6sd6tj3nrilXMHII/sD5/AL6Ek6g=</latexit>

�
<latexit sha1_base64="TpKeaG0OJqUYQLDStGvEDMT02h4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cI9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jps1BWx8MPN6bYWZemHKmjet+O5W19Y3Nrep2bWd3b/+gfnjU0UmmCG2ThCeqF2JNOZO0bZjhtJcqikXIaTec3BV+94kqzRL5aKYpDQQeSxYxgk0hDfyYDesNt+nOgVaJV5IGlPCH9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmuglyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJZ2LpnfZdB+uGq3bMo4qnMApnIMH19CCe/ChDQRieIZXeHOE8+K8Ox+L1opTzhzDHzifP+NjjiE=</latexit>

�
<latexit sha1_base64="TpKeaG0OJqUYQLDStGvEDMT02h4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cI9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jps1BWx8MPN6bYWZemHKmjet+O5W19Y3Nrep2bWd3b/+gfnjU0UmmCG2ThCeqF2JNOZO0bZjhtJcqikXIaTec3BV+94kqzRL5aKYpDQQeSxYxgk0hDfyYDesNt+nOgVaJV5IGlPCH9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmuglyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJZ2LpnfZdB+uGq3bMo4qnMApnIMH19CCe/ChDQRieIZXeHOE8+K8Ox+L1opTzhzDHzifP+NjjiE=</latexit>

�
<latexit sha1_base64="TpKeaG0OJqUYQLDStGvEDMT02h4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cI9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jps1BWx8MPN6bYWZemHKmjet+O5W19Y3Nrep2bWd3b/+gfnjU0UmmCG2ThCeqF2JNOZO0bZjhtJcqikXIaTec3BV+94kqzRL5aKYpDQQeSxYxgk0hDfyYDesNt+nOgVaJV5IGlPCH9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmuglyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJZ2LpnfZdB+uGq3bMo4qnMApnIMH19CCe/ChDQRieIZXeHOE8+K8Ox+L1opTzhzDHzifP+NjjiE=</latexit>

�
<latexit sha1_base64="TpKeaG0OJqUYQLDStGvEDMT02h4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cI9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jps1BWx8MPN6bYWZemHKmjet+O5W19Y3Nrep2bWd3b/+gfnjU0UmmCG2ThCeqF2JNOZO0bZjhtJcqikXIaTec3BV+94kqzRL5aKYpDQQeSxYxgk0hDfyYDesNt+nOgVaJV5IGlPCH9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmuglyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJZ2LpnfZdB+uGq3bMo4qnMApnIMH19CCe/ChDQRieIZXeHOE8+K8Ox+L1opTzhzDHzifP+NjjiE=</latexit>

�
<latexit sha1_base64="TpKeaG0OJqUYQLDStGvEDMT02h4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cI9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jps1BWx8MPN6bYWZemHKmjet+O5W19Y3Nrep2bWd3b/+gfnjU0UmmCG2ThCeqF2JNOZO0bZjhtJcqikXIaTec3BV+94kqzRL5aKYpDQQeSxYxgk0hDfyYDesNt+nOgVaJV5IGlPCH9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmuglyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJZ2LpnfZdB+uGq3bMo4qnMApnIMH19CCe/ChDQRieIZXeHOE8+K8Ox+L1opTzhzDHzifP+NjjiE=</latexit>

�
<latexit sha1_base64="TpKeaG0OJqUYQLDStGvEDMT02h4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cI9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jps1BWx8MPN6bYWZemHKmjet+O5W19Y3Nrep2bWd3b/+gfnjU0UmmCG2ThCeqF2JNOZO0bZjhtJcqikXIaTec3BV+94kqzRL5aKYpDQQeSxYxgk0hDfyYDesNt+nOgVaJV5IGlPCH9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmuglyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJZ2LpnfZdB+uGq3bMo4qnMApnIMH19CCe/ChDQRieIZXeHOE8+K8Ox+L1opTzhzDHzifP+NjjiE=</latexit>

�
<latexit sha1_base64="TpKeaG0OJqUYQLDStGvEDMT02h4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cI9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jps1BWx8MPN6bYWZemHKmjet+O5W19Y3Nrep2bWd3b/+gfnjU0UmmCG2ThCeqF2JNOZO0bZjhtJcqikXIaTec3BV+94kqzRL5aKYpDQQeSxYxgk0hDfyYDesNt+nOgVaJV5IGlPCH9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmuglyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJZ2LpnfZdB+uGq3bMo4qnMApnIMH19CCe/ChDQRieIZXeHOE8+K8Ox+L1opTzhzDHzifP+NjjiE=</latexit>

�
<latexit sha1_base64="TpKeaG0OJqUYQLDStGvEDMT02h4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cI9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jps1BWx8MPN6bYWZemHKmjet+O5W19Y3Nrep2bWd3b/+gfnjU0UmmCG2ThCeqF2JNOZO0bZjhtJcqikXIaTec3BV+94kqzRL5aKYpDQQeSxYxgk0hDfyYDesNt+nOgVaJV5IGlPCH9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmuglyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJZ2LpnfZdB+uGq3bMo4qnMApnIMH19CCe/ChDQRieIZXeHOE8+K8Ox+L1opTzhzDHzifP+NjjiE=</latexit>

+
<latexit sha1_base64="26BDQsRl0AvWjqpXxBRvcak+khY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSIIQklU0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+Oyura+sbm4Wt4vbO7t5+6eCwqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3dRvPaHSPJYPZpygH9GB5CFn1Fipft4rld2KOwNZJl5OypCj1it9dfsxSyOUhgmqdcdzE+NnVBnOBE6K3VRjQtmIDrBjqaQRaj+bHTohp1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1IQ3fsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2RRtCN7iy8ukeVHxLitu/apcvc3jKMAxnMAZeHANVbiHGjSAAcIzvMKb8+i8OO/Ox7x1xclnjuAPnM8fci+MsQ==</latexit>

↵i
<latexit sha1_base64="T/3mKikz+3IjvcGZTpo8zzgJwgE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cK9gPaUCbbTbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWM7mZ+64kpzWP5aCYJ8yMcSB5yisZK7S6KZIg93itX3Ko7B1klXk4qkKPeK391+zFNIyYNFah1x3MT42eoDKeCTUvdVLME6QgHrGOpxIhpP5vfOyVnVumTMFa2pCFz9fdEhpHWkyiwnRGaoV72ZuJ/Xic14Y2fcZmkhkm6WBSmgpiYzJ4nfa4YNWJiCVLF7a2EDlEhNTaikg3BW355lTQvqt5l1X24qtRu8ziKcAKncA4eXEMN7qEODaAg4Ble4c0ZOy/Ou/OxaC04+cwx/IHz+QMKao/2</latexit> =<latexit sha1_base64="2wsinhV7OEj9020G2B+xBypL2+k=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokKehGKXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7qZ+6wmV5rF8MOME/YgOJA85o8ZK9ZteqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzfOKd1Fx65fl6m0eRwGO4QTOwIMrqMI91KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AI13jMM=</latexit>

Figure 1:

1 A
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<latexit sha1_base64="/n4OPF8cP/f9qsipVIup2nNJwQU=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBHqpiQq6LLopssK9gFNDJPppB06mYR5KCXmU9y4UMStX+LOv3HaZqGtBy4czrmXe+8JU0alcpxva2V1bX1js7RV3t7Z3du3KwcdmWiBSRsnLBG9EEnCKCdtRRUjvVQQFIeMdMPxzdTvPhAhacLv1CQlfoyGnEYUI2WkwK40g8yLNfS4zu+zGj/NA7vq1J0Z4DJxC1IFBVqB/eUNEqxjwhVmSMq+66TKz5BQFDOSlz0tSYrwGA1J31COYiL9bHZ6Dk+MMoBRIkxxBWfq74kMxVJO4tB0xkiN5KI3Ff/z+lpFV35GeaoV4Xi+KNIMqgROc4ADKghWbGIIwoKaWyEeIYGwMmmVTQju4svLpHNWd8/rzu1FtXFdxFECR+AY1IALLkEDNEELtAEGj+AZvII368l6sd6tj3nrilXMHII/sD5/AL6Ek6g=</latexit>

�
<latexit sha1_base64="TpKeaG0OJqUYQLDStGvEDMT02h4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cI9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jps1BWx8MPN6bYWZemHKmjet+O5W19Y3Nrep2bWd3b/+gfnjU0UmmCG2ThCeqF2JNOZO0bZjhtJcqikXIaTec3BV+94kqzRL5aKYpDQQeSxYxgk0hDfyYDesNt+nOgVaJV5IGlPCH9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmuglyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJZ2LpnfZdB+uGq3bMo4qnMApnIMH19CCe/ChDQRieIZXeHOE8+K8Ox+L1opTzhzDHzifP+NjjiE=</latexit>

�
<latexit sha1_base64="TpKeaG0OJqUYQLDStGvEDMT02h4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cI9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jps1BWx8MPN6bYWZemHKmjet+O5W19Y3Nrep2bWd3b/+gfnjU0UmmCG2ThCeqF2JNOZO0bZjhtJcqikXIaTec3BV+94kqzRL5aKYpDQQeSxYxgk0hDfyYDesNt+nOgVaJV5IGlPCH9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmuglyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJZ2LpnfZdB+uGq3bMo4qnMApnIMH19CCe/ChDQRieIZXeHOE8+K8Ox+L1opTzhzDHzifP+NjjiE=</latexit>

+
<latexit sha1_base64="26BDQsRl0AvWjqpXxBRvcak+khY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSIIQklU0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+Oyura+sbm4Wt4vbO7t5+6eCwqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3dRvPaHSPJYPZpygH9GB5CFn1Fipft4rld2KOwNZJl5OypCj1it9dfsxSyOUhgmqdcdzE+NnVBnOBE6K3VRjQtmIDrBjqaQRaj+bHTohp1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1IQ3fsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2RRtCN7iy8ukeVHxLitu/apcvc3jKMAxnMAZeHANVbiHGjSAAcIzvMKb8+i8OO/Ox7x1xclnjuAPnM8fci+MsQ==</latexit>

> 0
<latexit sha1_base64="VPyH2WVNuT+OXpzgEOm3Tm/BXls=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUC9S9OKxirGFNpTNdtIu3WzC7kYoof/AiwcVr/4kb/4bt20OWn0w8Hhvhpl5YSq4Nq775ZSWlldW18rrlY3Nre2d6u7eg04yxdBniUhUO6QaBZfoG24EtlOFNA4FtsLR9dRvPaLSPJH3ZpxiENOB5BFn1Fjp7tLtVWtu3Z2B/CVeQWpQoNmrfnb7CctilIYJqnXHc1MT5FQZzgROKt1MY0rZiA6wY6mkMeogn106IUdW6ZMoUbakITP150ROY63HcWg7Y2qGetGbiv95ncxE50HOZZoZlGy+KMoEMQmZvk36XCEzYmwJZYrbWwkbUkWZseFUbAje4st/iX9Sv6i7t6e1xlWRRhkO4BCOwYMzaMANNMEHBhE8wQu8OiPn2Xlz3uetJaeY2YdfcD6+AWpQjM8=</latexit><latexit sha1_base64="VPyH2WVNuT+OXpzgEOm3Tm/BXls=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUC9S9OKxirGFNpTNdtIu3WzC7kYoof/AiwcVr/4kb/4bt20OWn0w8Hhvhpl5YSq4Nq775ZSWlldW18rrlY3Nre2d6u7eg04yxdBniUhUO6QaBZfoG24EtlOFNA4FtsLR9dRvPaLSPJH3ZpxiENOB5BFn1Fjp7tLtVWtu3Z2B/CVeQWpQoNmrfnb7CctilIYJqnXHc1MT5FQZzgROKt1MY0rZiA6wY6mkMeogn106IUdW6ZMoUbakITP150ROY63HcWg7Y2qGetGbiv95ncxE50HOZZoZlGy+KMoEMQmZvk36XCEzYmwJZYrbWwkbUkWZseFUbAje4st/iX9Sv6i7t6e1xlWRRhkO4BCOwYMzaMANNMEHBhE8wQu8OiPn2Xlz3uetJaeY2YdfcD6+AWpQjM8=</latexit><latexit sha1_base64="VPyH2WVNuT+OXpzgEOm3Tm/BXls=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUC9S9OKxirGFNpTNdtIu3WzC7kYoof/AiwcVr/4kb/4bt20OWn0w8Hhvhpl5YSq4Nq775ZSWlldW18rrlY3Nre2d6u7eg04yxdBniUhUO6QaBZfoG24EtlOFNA4FtsLR9dRvPaLSPJH3ZpxiENOB5BFn1Fjp7tLtVWtu3Z2B/CVeQWpQoNmrfnb7CctilIYJqnXHc1MT5FQZzgROKt1MY0rZiA6wY6mkMeogn106IUdW6ZMoUbakITP150ROY63HcWg7Y2qGetGbiv95ncxE50HOZZoZlGy+KMoEMQmZvk36XCEzYmwJZYrbWwkbUkWZseFUbAje4st/iX9Sv6i7t6e1xlWRRhkO4BCOwYMzaMANNMEHBhE8wQu8OiPn2Xlz3uetJaeY2YdfcD6+AWpQjM8=</latexit>

�����
<latexit sha1_base64="5cQWZtqJhQMaC5nchwlYTlM5hsc=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9nVgh5LvXisYD+gXUo2zW5js8mSZIWy9j948aCIV/+PN/+NabsHbX0w8Hhvhpl5QcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8tUEdoikkvVDbCmnAnaMsxw2k0UxXHAaScY38z8ziNVmklxbyYJ9WMcCRYygo2V2v0Gi6KnQbniVt050CrxclKBHM1B+as/lCSNqTCEY617npsYP8PKMMLptNRPNU0wGeOI9iwVOKbaz+bXTtGZVYYolMqWMGiu/p7IcKz1JA5sZ4zNSC97M/E/r5ea8NrPmEhSQwVZLApTjoxEs9fRkClKDJ9Ygoli9lZERlhhYmxAJRuCt/zyKmlfVL3LqntXq9QbeRxFOIFTOAcPrqAOt9CEFhB4gGd4hTdHOi/Ou/OxaC04+cwx/IHz+QNxz48J</latexit>

�����
<latexit sha1_base64="5cQWZtqJhQMaC5nchwlYTlM5hsc=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9nVgh5LvXisYD+gXUo2zW5js8mSZIWy9j948aCIV/+PN/+NabsHbX0w8Hhvhpl5QcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8tUEdoikkvVDbCmnAnaMsxw2k0UxXHAaScY38z8ziNVmklxbyYJ9WMcCRYygo2V2v0Gi6KnQbniVt050CrxclKBHM1B+as/lCSNqTCEY617npsYP8PKMMLptNRPNU0wGeOI9iwVOKbaz+bXTtGZVYYolMqWMGiu/p7IcKz1JA5sZ4zNSC97M/E/r5ea8NrPmEhSQwVZLApTjoxEs9fRkClKDJ9Ygoli9lZERlhhYmxAJRuCt/zyKmlfVL3LqntXq9QbeRxFOIFTOAcPrqAOt9CEFhB4gGd4hTdHOi/Ou/OxaC04+cwx/IHz+QNxz48J</latexit>

2
<latexit sha1_base64="FYllQ7zpOOUWp6AgCT92VJfJ7Xs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZq1frrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqpu87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPfMuMuA==</latexit>



The mild form of the WGC follows from prime principles of the S-matrix.

M̂(�� ! ��) =
2s2

M4
PlL

(2↵1 � ↵3) > 0

M̂(AA ! AA) =
2s2

M4
PlL

(2↵1 + ↵3) > 0

M̂(�A ! �A) =
4s2

M4
PlL

↵2 > 0
<latexit sha1_base64="U3NVVAl5cmYjGGHtTjQrPQZzQfY="></latexit>

Similar consequences on scalar theories with gravity: P(X) theories, galileons.



Conclusions

Not everything goes in Quantum (Effective) Field Theory.
Fundamental properties of the microscopic world are very powerful and restrictive.
Unitarity, locality, and causality of the S-matrix implies dispersion relations.

Far-reaching implications in many fields of fundamental physics.
Understanding of the world we see and of its conservations laws.
There exist only two consistent types of composite fermions.
dRGT-theory in need of a sensible UV completion at macroscopic distances.
Tentative S-matrix proof of the weak gravity conjecture.



Thank you.



Other interesting applications:

a-theorem (4D)
Komargodski, Schwimmer ’11
Luty, Polchinski, Rattazzi ’12

…

SUSY + R-symmetry breaking
Dine, Festuccia, Komargodski ’09

Bellazzini, Mariotti, Redigolo, Sala, JS ’17
…

composite EWSB
Distler, Grinstein, Porto, Rothstein ’06

Vecchi ’07
Low, Rattazzi, Vichi ’09

…

quantum gravity
Adams et al.‘06

Bellazzini, Cheung, Remmen ’15
…



Beyond Positivity Constraints

> 0
<latexit sha1_base64="VPyH2WVNuT+OXpzgEOm3Tm/BXls=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUC9S9OKxirGFNpTNdtIu3WzC7kYoof/AiwcVr/4kb/4bt20OWn0w8Hhvhpl5YSq4Nq775ZSWlldW18rrlY3Nre2d6u7eg04yxdBniUhUO6QaBZfoG24EtlOFNA4FtsLR9dRvPaLSPJH3ZpxiENOB5BFn1Fjp7tLtVWtu3Z2B/CVeQWpQoNmrfnb7CctilIYJqnXHc1MT5FQZzgROKt1MY0rZiA6wY6mkMeogn106IUdW6ZMoUbakITP150ROY63HcWg7Y2qGetGbiv95ncxE50HOZZoZlGy+KMoEMQmZvk36XCEzYmwJZYrbWwkbUkWZseFUbAje4st/iX9Sv6i7t6e1xlWRRhkO4BCOwYMzaMANNMEHBhE8wQu8OiPn2Xlz3uetJaeY2YdfcD6+AWpQjM8=</latexit><latexit sha1_base64="VPyH2WVNuT+OXpzgEOm3Tm/BXls=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUC9S9OKxirGFNpTNdtIu3WzC7kYoof/AiwcVr/4kb/4bt20OWn0w8Hhvhpl5YSq4Nq775ZSWlldW18rrlY3Nre2d6u7eg04yxdBniUhUO6QaBZfoG24EtlOFNA4FtsLR9dRvPaLSPJH3ZpxiENOB5BFn1Fjp7tLtVWtu3Z2B/CVeQWpQoNmrfnb7CctilIYJqnXHc1MT5FQZzgROKt1MY0rZiA6wY6mkMeogn106IUdW6ZMoUbakITP150ROY63HcWg7Y2qGetGbiv95ncxE50HOZZoZlGy+KMoEMQmZvk36XCEzYmwJZYrbWwkbUkWZseFUbAje4st/iX9Sv6i7t6e1xlWRRhkO4BCOwYMzaMANNMEHBhE8wQu8OiPn2Xlz3uetJaeY2YdfcD6+AWpQjM8=</latexit><latexit sha1_base64="VPyH2WVNuT+OXpzgEOm3Tm/BXls=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUC9S9OKxirGFNpTNdtIu3WzC7kYoof/AiwcVr/4kb/4bt20OWn0w8Hhvhpl5YSq4Nq775ZSWlldW18rrlY3Nre2d6u7eg04yxdBniUhUO6QaBZfoG24EtlOFNA4FtsLR9dRvPaLSPJH3ZpxiENOB5BFn1Fjp7tLtVWtu3Z2B/CVeQWpQoNmrfnb7CctilIYJqnXHc1MT5FQZzgROKt1MY0rZiA6wY6mkMeogn106IUdW6ZMoUbakITP150ROY63HcWg7Y2qGetGbiv95ncxE50HOZZoZlGy+KMoEMQmZvk36XCEzYmwJZYrbWwkbUkWZseFUbAje4st/iX9Sv6i7t6e1xlWRRhkO4BCOwYMzaMANNMEHBhE8wQu8OiPn2Xlz3uetJaeY2YdfcD6+AWpQjM8=</latexit>

> 0
<latexit sha1_base64="VPyH2WVNuT+OXpzgEOm3Tm/BXls=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUC9S9OKxirGFNpTNdtIu3WzC7kYoof/AiwcVr/4kb/4bt20OWn0w8Hhvhpl5YSq4Nq775ZSWlldW18rrlY3Nre2d6u7eg04yxdBniUhUO6QaBZfoG24EtlOFNA4FtsLR9dRvPaLSPJH3ZpxiENOB5BFn1Fjp7tLtVWtu3Z2B/CVeQWpQoNmrfnb7CctilIYJqnXHc1MT5FQZzgROKt1MY0rZiA6wY6mkMeogn106IUdW6ZMoUbakITP150ROY63HcWg7Y2qGetGbiv95ncxE50HOZZoZlGy+KMoEMQmZvk36XCEzYmwJZYrbWwkbUkWZseFUbAje4st/iX9Sv6i7t6e1xlWRRhkO4BCOwYMzaMANNMEHBhE8wQu8OiPn2Xlz3uetJaeY2YdfcD6+AWpQjM8=</latexit><latexit sha1_base64="VPyH2WVNuT+OXpzgEOm3Tm/BXls=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUC9S9OKxirGFNpTNdtIu3WzC7kYoof/AiwcVr/4kb/4bt20OWn0w8Hhvhpl5YSq4Nq775ZSWlldW18rrlY3Nre2d6u7eg04yxdBniUhUO6QaBZfoG24EtlOFNA4FtsLR9dRvPaLSPJH3ZpxiENOB5BFn1Fjp7tLtVWtu3Z2B/CVeQWpQoNmrfnb7CctilIYJqnXHc1MT5FQZzgROKt1MY0rZiA6wY6mkMeogn106IUdW6ZMoUbakITP150ROY63HcWg7Y2qGetGbiv95ncxE50HOZZoZlGy+KMoEMQmZvk36XCEzYmwJZYrbWwkbUkWZseFUbAje4st/iX9Sv6i7t6e1xlWRRhkO4BCOwYMzaMANNMEHBhE8wQu8OiPn2Xlz3uetJaeY2YdfcD6+AWpQjM8=</latexit><latexit sha1_base64="VPyH2WVNuT+OXpzgEOm3Tm/BXls=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUC9S9OKxirGFNpTNdtIu3WzC7kYoof/AiwcVr/4kb/4bt20OWn0w8Hhvhpl5YSq4Nq775ZSWlldW18rrlY3Nre2d6u7eg04yxdBniUhUO6QaBZfoG24EtlOFNA4FtsLR9dRvPaLSPJH3ZpxiENOB5BFn1Fjp7tLtVWtu3Z2B/CVeQWpQoNmrfnb7CctilIYJqnXHc1MT5FQZzgROKt1MY0rZiA6wY6mkMeogn106IUdW6ZMoUbakITP150ROY63HcWg7Y2qGetGbiv95ncxE50HOZZoZlGy+KMoEMQmZvk36XCEzYmwJZYrbWwkbUkWZseFUbAje4st/iX9Sv6i7t6e1xlWRRhkO4BCOwYMzaMANNMEHBhE8wQu8OiPn2Xlz3uetJaeY2YdfcD6+AWpQjM8=</latexit>

Calculable in the EFT as long as within EFT validity: µ 2 < Λ2.

t ! 0
<latexit sha1_base64="0+tsQFVBTqKzuSnOvCrOHQAdB4E=">AAAB7XicbVBNS8NAFHypX7V+VT16WSyCp5KIUL0VvXisYGyhDWWz3bRLN5uw+yKU0B/hxYOKV/+PN/+N2zYHbR1YGGbeY99MmEph0HW/ndLa+sbmVnm7srO7t39QPTx6NEmmGfdZIhPdCanhUijuo0DJO6nmNA4lb4fj25nffuLaiEQ94CTlQUyHSkSCUbRSG0kPE+L2qzW37s5BVolXkBoUaPWrX71BwrKYK2SSGtP13BSDnGoUTPJppZcZnlI2pkPetVTRmJsgn587JWdWGZAo0fYpJHP190ZOY2MmcWgnY4ojs+zNxP+8bobRVZALlWbIFVt8FGWS2Iiz7GQgNGcoJ5ZQpoW9lbAR1ZShbahiS/CWI68S/6J+XXfvL2vNm6KNMpzAKZyDBw1owh20wAcGY3iGV3hzUufFeXc+FqMlp9g5hj9wPn8Avo2Otg==</latexit><latexit sha1_base64="0+tsQFVBTqKzuSnOvCrOHQAdB4E=">AAAB7XicbVBNS8NAFHypX7V+VT16WSyCp5KIUL0VvXisYGyhDWWz3bRLN5uw+yKU0B/hxYOKV/+PN/+N2zYHbR1YGGbeY99MmEph0HW/ndLa+sbmVnm7srO7t39QPTx6NEmmGfdZIhPdCanhUijuo0DJO6nmNA4lb4fj25nffuLaiEQ94CTlQUyHSkSCUbRSG0kPE+L2qzW37s5BVolXkBoUaPWrX71BwrKYK2SSGtP13BSDnGoUTPJppZcZnlI2pkPetVTRmJsgn587JWdWGZAo0fYpJHP190ZOY2MmcWgnY4ojs+zNxP+8bobRVZALlWbIFVt8FGWS2Iiz7GQgNGcoJ5ZQpoW9lbAR1ZShbahiS/CWI68S/6J+XXfvL2vNm6KNMpzAKZyDBw1owh20wAcGY3iGV3hzUufFeXc+FqMlp9g5hj9wPn8Avo2Otg==</latexit><latexit sha1_base64="0+tsQFVBTqKzuSnOvCrOHQAdB4E=">AAAB7XicbVBNS8NAFHypX7V+VT16WSyCp5KIUL0VvXisYGyhDWWz3bRLN5uw+yKU0B/hxYOKV/+PN/+N2zYHbR1YGGbeY99MmEph0HW/ndLa+sbmVnm7srO7t39QPTx6NEmmGfdZIhPdCanhUijuo0DJO6nmNA4lb4fj25nffuLaiEQ94CTlQUyHSkSCUbRSG0kPE+L2qzW37s5BVolXkBoUaPWrX71BwrKYK2SSGtP13BSDnGoUTPJppZcZnlI2pkPetVTRmJsgn587JWdWGZAo0fYpJHP190ZOY2MmcWgnY4ojs+zNxP+8bobRVZALlWbIFVt8FGWS2Iiz7GQgNGcoJ5ZQpoW9lbAR1ZShbahiS/CWI68S/6J+XXfvL2vNm6KNMpzAKZyDBw1owh20wAcGY3iGV3hzUufFeXc+FqMlp9g5hj9wPn8Avo2Otg==</latexit>

breakdown
⇤

<latexit sha1_base64="eQYQTgyeyFXqgIqErTS0EnBSK4E=">AAAB7XicbVBNS8NAFHypX7V+VT16WSyCp5KKoN6KXjx4qGBsoQ1ls3lpl242YXcjlNAf4cWDilf/jzf/jds2B20dWBhm5rHvTZAKro3rfjulldW19Y3yZmVre2d3r7p/8KiTTDH0WCIS1QmoRsEleoYbgZ1UIY0Dge1gdDP120+oNE/kgxmn6Md0IHnEGTVWavfubDSk/WrNrbszkGXSKEgNCrT61a9emLAsRmmYoFp3G25q/Jwqw5nASaWXaUwpG9EBdi2VNEbt57N1J+TEKiGJEmWfNGSm/p7Iaaz1OA5sMqZmqBe9qfif181MdOnnXKaZQcnmH0WZICYh09tJyBUyI8aWUKa43ZWwIVWUGdtQxZbQWDx5mXhn9au6e39ea14XbZThCI7hFBpwAU24hRZ4wGAEz/AKb07qvDjvzsc8WnKKmUP4A+fzB3d/jzA=</latexit><latexit sha1_base64="eQYQTgyeyFXqgIqErTS0EnBSK4E=">AAAB7XicbVBNS8NAFHypX7V+VT16WSyCp5KKoN6KXjx4qGBsoQ1ls3lpl242YXcjlNAf4cWDilf/jzf/jds2B20dWBhm5rHvTZAKro3rfjulldW19Y3yZmVre2d3r7p/8KiTTDH0WCIS1QmoRsEleoYbgZ1UIY0Dge1gdDP120+oNE/kgxmn6Md0IHnEGTVWavfubDSk/WrNrbszkGXSKEgNCrT61a9emLAsRmmYoFp3G25q/Jwqw5nASaWXaUwpG9EBdi2VNEbt57N1J+TEKiGJEmWfNGSm/p7Iaaz1OA5sMqZmqBe9qfif181MdOnnXKaZQcnmH0WZICYh09tJyBUyI8aWUKa43ZWwIVWUGdtQxZbQWDx5mXhn9au6e39ea14XbZThCI7hFBpwAU24hRZ4wGAEz/AKb07qvDjvzsc8WnKKmUP4A+fzB3d/jzA=</latexit><latexit sha1_base64="eQYQTgyeyFXqgIqErTS0EnBSK4E=">AAAB7XicbVBNS8NAFHypX7V+VT16WSyCp5KKoN6KXjx4qGBsoQ1ls3lpl242YXcjlNAf4cWDilf/jzf/jds2B20dWBhm5rHvTZAKro3rfjulldW19Y3yZmVre2d3r7p/8KiTTDH0WCIS1QmoRsEleoYbgZ1UIY0Dge1gdDP120+oNE/kgxmn6Md0IHnEGTVWavfubDSk/WrNrbszkGXSKEgNCrT61a9emLAsRmmYoFp3G25q/Jwqw5nASaWXaUwpG9EBdi2VNEbt57N1J+TEKiGJEmWfNGSm/p7Iaaz1OA5sMqZmqBe9qfif181MdOnnXKaZQcnmH0WZICYh09tJyBUyI8aWUKa43ZWwIVWUGdtQxZbQWDx5mXhn9au6e39ea14XbZThCI7hFBpwAU24hRZ4wGAEz/AKb07qvDjvzsc8WnKKmUP4A+fzB3d/jzA=</latexit>

(Bellazzini, Riva, JS, Sgarlata ’17)

M̂00
AB ⇠

Z µ2

ds

s2
� +

Z 1

µ2

ds

s2
�

<latexit sha1_base64="WZ8ODmgSRODy7RV4F0rGhkHOTbk="></latexit>

µ
<latexit sha1_base64="WgPX90KS9b02wy9EpAoLRAbXVV4=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U0DJoYxnRmEByhL3NXrJkd+/YnRNCyE+wsVDE1l9k579xk1yhiQ8GHu/NMDMvSqWw6PvfXmFldW19o7hZ2tre2d0r7x882iQzjDdYIhPTiqjlUmjeQIGSt1LDqYokb0bDm6nffOLGikQ/4CjloaJ9LWLBKDrpvqOybrniV/0ZyDIJclKBHPVu+avTS1imuEYmqbXtwE8xHFODgkk+KXUyy1PKhrTP245qqrgNx7NTJ+TEKT0SJ8aVRjJTf0+MqbJ2pCLXqSgO7KI3Ff/z2hnGV+FY6DRDrtl8UZxJggmZ/k16wnCGcuQIZUa4WwkbUEMZunRKLoRg8eVl8nhWDc6r/t1FpXadx1GEIziGUwjgEmpwC3VoAIM+PMMrvHnSe/HevY95a8HLZw7hD7zPH14Ijdg=</latexit>

µ2

⇤2
< 1

<latexit sha1_base64="QKiC/6tIdAALMC4NJLMNEwLVIYc=">AAACBHicbVC7TsMwFL3hWcorwNjFokJiqpKCBANDBQsDQ5HoQ2pC5bhOa9VxIttBqqIOLPwKCwMIsfIRbPwNbpsBWo5k6eice3R9T5BwprTjfFtLyyura+uFjeLm1vbOrr2331RxKgltkJjHsh1gRTkTtKGZ5rSdSIqjgNNWMLya+K0HKhWLxZ0eJdSPcF+wkBGsjdS1S14oMcm8KL2vjjPvxiR72FB0gdyuXXYqzhRokbg5KUOOetf+8noxSSMqNOFYqY7rJNrPsNSMcDoueqmiCSZD3KcdQwWOqPKz6RFjdGSUHgpjaZ7QaKr+TmQ4UmoUBWYywnqg5r2J+J/XSXV47mdMJKmmgswWhSlHOkaTRlCPSUo0HxmCiWTmr4gMsGlFm96KpgR3/uRF0qxW3JOKc3tarl3mdRSgBIdwDC6cQQ2uoQ4NIPAIz/AKb9aT9WK9Wx+z0SUrzxzAH1ifP3Nxl0s=</latexit>

M̂00
AB(s = 0) >

2

⇡

Z µ2

ds

s2

X

X

�AB!X(s)⇥

1 +O

✓
µ
2

⇤2

◆�
> 0

<latexit sha1_base64="zbaEY51v2kDjh/lf3WdpzZNd2Uo="></latexit>



Modified dispersion relation / Gravitational waves

v2(E) = 1� m2

E2
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Distortions in the shape of the gravitational waveform can now be probed.
Likewise departures from the speed of light.

Figure 1:
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(Abbott et al. ’16, Abbott et al. ’17)

black holes, neutron stars



Yukawa potential / Torsion balance experiments

MG (dRGT-theory) cannot predict how gravity behaves at these distances.
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Tests of the Gravitational Inverse-Square Law below the Dark-Energy Length Scale

D.J. Kapner,∗ T.S. Cook, E.G. Adelberger, J.H. Gundlach, B.R. Heckel, C.D. Hoyle, and H.E. Swanson
Center for Experimental Nuclear Physics and Astrophysics,

Box 354290, University of Washington, Seattle, WA 98195-4290
(Dated: February 2, 2008)

We conducted three torsion-balance experiments to test the gravitational inverse-square law at
separations between 9.53 mm and 55 µm, probing distances less than the dark-energy length scale
λd = 4

√

h̄c/ρd ≈ 85 µm. We find with 95% confidence that the inverse-square law holds (|α| ≤ 1)
down to a length scale λ = 56 µm and that an extra dimension must have a size R ≤ 44 µm.

PACS numbers: 04.80.-y,95.36.+x,04.80.Cc,12.38.Qk

Recent cosmological observations[1, 2, 3] have shown
that 70% of all the mass and energy of the Universe
is a mysterious “dark energy” with a density ρd ≈ 3.8
keV/cm3 and a repulsive gravitational effect. This dark-
energy density corresponds to a distance λd = 4

√

h̄c/ρd ≈
85 µm that may represent a fundamental length scale
of gravity[4, 5]. Although quantum-mechanical vacuum
energy should have a repulsive gravitational effect, the
observed ρd is between 1060 to 10120 times smaller than
the vacuum energy density computed according to the
standard laws of quantum mechanics. Sundrum[6] has
suggested that this huge discrepancy (the “cosmologi-
cal constant problem”) could be resolved if the gravi-
ton were a “fat” object with a size comparable to λd

that would prevent it from “seeing” the short-distance
physics that dominates the vacuum energy. His scenario
implies that the gravitational force would weaken for ob-
jects separated by distances s <

∼ λd. Dvali, Gabadaze
and Senjanov́ıc[7] argue that a similar weakening of grav-
ity could occur if there are extra time dimensions. In
their scenario, the standard model particles are localized
in “our” time, while the gravitons propagate in the ex-
tra time dimension(s) as well. Other scenarios predict
the opposite behavior: the extra space dimensions of M-
theory would cause the gravitational force to get stronger
for s <

∼ R where R is the size of the largest compactified
dimension[8]. These considerations, plus others involving
new forces from the exchange of proposed scalar or vec-
tor particles[9] motivated the tests of the gravitational
inverse-square law we report in this Letter.

Our tests were made with a substantially upgraded
version of the “missing mass” torsion-balance instrument
used in our previous inverse-square-law tests[10, 11]. The
instrument used in this work[12], shown in Fig. 1, con-
sisted of a torsion-pendulum detector suspended by a
thin ≈ 80-cm-long tungsten fiber above an attractor
that was rotated with a uniform angular velocity ω by a
geared-down stepper motor. The detector’s 42 test bod-
ies were 4.767-mm-diameter cylindrical holes machined
into a 0.997-mm-thick molybdenum detector ring. The
hole centers were arrayed in two circles, each of which had
21-fold azimuthal symmetry. The attractor had a simi-
lar 21-fold azimuthal symmetry and consisted of a 0.997

FIG. 1: Scale drawing of our detector and attractor. The 3
small spheres near the top of the detector were used for a
continuous gravitational calibration of the torque scale. Four
rectangular plane mirrors below the spheres are part of the
twist-monitoring system. The detector’s electrical shield is
not shown.

mm thick molybdenum disc with 42 3.178-mm-diameter
holes mounted atop a thicker tantalum disc containing 21
6.352-mm-diameter holes. The gravitational interaction
between the missing masses of the detector and attractor
holes applied a torque on the detector that oscillated 21
times for each revolution of the attractor, giving torques
at 21ω, 42ω, 63ω, etc. that we measured by monitor-
ing the pendulum twist with an autocollimator system.
The holes in the lower attractor ring were displaced az-
imuthally by 360/42 degrees and were designed to nearly
cancel the 21ω torque if the inverse-square law holds. On
the other hand, an interaction that violated the inverse-
square law, which we parameterize as a single Yukawa

V (r) = −G
m1m2

r
[1 + α exp(−r/λ)] , (1)

would not be appreciably canceled if λ is less than
the 1 mm thickness of the upper attractor disc. We
minimized electromagnetic torques by coating the en-
tire detector with gold and surrounding it by a gold-
coated shield consisting of a tightly-stretched, 10 µm-
thick, beryllium-copper membrane between the detector
and attractor plus a copper housing that had small holes

4

FIG. 6: [Color online] Constraints on Yukawa violations of
the gravitational 1/r2 law. The shaded region is excluded at
the 95% confidence level. Heavy lines labeled Eöt-Wash 2006,
Eöt-Wash 2004, Irvine, Colorado and Stanford show experi-
mental constraints from this work, Refs. [11], [14], [15] and
[16, 17], respectively. Lighter lines show various theoretical
expectations summarized in Ref. [9].

s anomaly is not evident. Hoping to reduce the excess
noise at small s, we disassembled the apparatus before
Experiment III and replaced the gold coatings on the
detector and beryllium-copper membrane. In the pro-
cess we inadvertantly increased the deformation of the
detector ring to ∆z = 3.9 µm. We returned to a 20 µm
fiber, and operated at ω = ω0/7.5 and ωc = 3ω. Data
are shown in Fig. 5. The slightly different dependence
of the 21ω torque on s, compared to Experiment II, is
due to the detector curvature in Experiment III. In this
case a marginally significant short-range anomaly corre-
sponding to an increased attraction, similar to that seen
in Experiment I, is again present.

Non-gravitational backgrounds from magnetic, elec-
trostatic and thermal effects were studied and found
to be negligible using techniques described in Ref. [11].
Casimir forces can only affect our results if they could
penetrate the beryllium-copper membrane or cause the
membrane to deflect so as to trace the hole pattern of the
attractor. Private communications from Robert Jaffe,
Paul Chesler, Anton Andreev and Laurence Yaffe have
shown that our beryllium-copper membrane was thick
enough to reduce direct Casimir forces between the at-
tractor and detector to a negligible level. The observed
1.6 kHz frequency of the lowest “drum-head” mode of the
membrane was sufficiently high that m = 21 deforma-
tions were insignificant. No corrections for backgrounds

were necessary.
A combined Newtonian fit to the data from all 3 ex-

periments gave χ2 = 407 for ν = 421 degrees of freedom.
The best fit with an additional Yukawa interaction im-
proved the χ2 by 3.5 for α = −0.0037, λ = 2 mm. The
combined data showed no evidence for a 2σ effect at any
λ. Our resulting constraints on violations of the inverse-
square law, shown in Fig. 6, improve on previous work by
a factor of up to 100. In particular, at 95 % confidence,
we find that any gravitational-strength (|α| = 1) Yukawa
interaction must have λ ≤ 56 µm. The results in Fig. 6
yield a model-independent upper limit on the size of a
compact extra dimension. A single extra dimension with
R <

∼ smin would give a signal corresponding to a Yukawa
interaction with α = 8/3 and λ = R [9], leading to a
95%-confidence upper bound of R ≤ 44 µm. For the two
large extra-dimension scenario discussed in Ref. [8], we
require a 2σ lower limit on unification mass M∗ ≥ 3.2
TeV/c2, where M∗ is defined in Ref. [11]. Constraints
from the data in Figs. 3,4, 5 on other possible forms of
inverse-square-law violation will be submitted as a sepa-
rate publication.
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work was supported by NSF Grant PHY0355012 and by
the DOE Office of Science.
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(Kapner et al. ’06)

GR has been successfully tested down to sub-millimeter scales.
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Vainshtein cutoff redressing

Once in the Vainshtein region…
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'
<latexit sha1_base64="fFWBIbp62QE489epHA88wiMyomE=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoN6KXjxWcG2hXUo2zbah2WxIsoWy9Ed48aDi1f/jzX9j2u5BWx8MPN6bYWZepAQ31vO+UWltfWNzq7xd2dnd2z+oHh49mTTTlAU0FaluR8QwwSULLLeCtZVmJIkEa0Wju5nfGjNteCof7USxMCEDyWNOiXVSqzsmWg15r1rz6t4ceJX4BalBgWav+tXtpzRLmLRUEGM6vqdsmBNtORVsWulmhilCR2TAOo5KkjAT5vNzp/jMKX0cp9qVtHiu/p7ISWLMJIlcZ0Ls0Cx7M/E/r5PZ+DrMuVSZZZIuFsWZwDbFs99xn2tGrZg4Qqjm7lZMh0QTal1CFReCv/zyKgku6jd1/+Gy1rgt0ijDCZzCOfhwBQ24hyYEQGEEz/AKb0ihF/SOPhatJVTMHMMfoM8f5y2Peg==</latexit><latexit sha1_base64="fFWBIbp62QE489epHA88wiMyomE=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoN6KXjxWcG2hXUo2zbah2WxIsoWy9Ed48aDi1f/jzX9j2u5BWx8MPN6bYWZepAQ31vO+UWltfWNzq7xd2dnd2z+oHh49mTTTlAU0FaluR8QwwSULLLeCtZVmJIkEa0Wju5nfGjNteCof7USxMCEDyWNOiXVSqzsmWg15r1rz6t4ceJX4BalBgWav+tXtpzRLmLRUEGM6vqdsmBNtORVsWulmhilCR2TAOo5KkjAT5vNzp/jMKX0cp9qVtHiu/p7ISWLMJIlcZ0Ls0Cx7M/E/r5PZ+DrMuVSZZZIuFsWZwDbFs99xn2tGrZg4Qqjm7lZMh0QTal1CFReCv/zyKgku6jd1/+Gy1rgt0ijDCZzCOfhwBQ24hyYEQGEEz/AKb0ihF/SOPhatJVTMHMMfoM8f5y2Peg==</latexit><latexit sha1_base64="fFWBIbp62QE489epHA88wiMyomE=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoN6KXjxWcG2hXUo2zbah2WxIsoWy9Ed48aDi1f/jzX9j2u5BWx8MPN6bYWZepAQ31vO+UWltfWNzq7xd2dnd2z+oHh49mTTTlAU0FaluR8QwwSULLLeCtZVmJIkEa0Wju5nfGjNteCof7USxMCEDyWNOiXVSqzsmWg15r1rz6t4ceJX4BalBgWav+tXtpzRLmLRUEGM6vqdsmBNtORVsWulmhilCR2TAOo5KkjAT5vNzp/jMKX0cp9qVtHiu/p7ISWLMJIlcZ0Ls0Cx7M/E/r5PZ+DrMuVSZZZIuFsWZwDbFs99xn2tGrZg4Qqjm7lZMh0QTal1CFReCv/zyKgku6jd1/+Gy1rgt0ijDCZzCOfhwBQ24hyYEQGEEz/AKb0ihF/SOPhatJVTMHMMfoM8f5y2Peg==</latexit><latexit sha1_base64="fFWBIbp62QE489epHA88wiMyomE=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoN6KXjxWcG2hXUo2zbah2WxIsoWy9Ed48aDi1f/jzX9j2u5BWx8MPN6bYWZepAQ31vO+UWltfWNzq7xd2dnd2z+oHh49mTTTlAU0FaluR8QwwSULLLeCtZVmJIkEa0Wju5nfGjNteCof7USxMCEDyWNOiXVSqzsmWg15r1rz6t4ceJX4BalBgWav+tXtpzRLmLRUEGM6vqdsmBNtORVsWulmhilCR2TAOo5KkjAT5vNzp/jMKX0cp9qVtHiu/p7ISWLMJIlcZ0Ls0Cx7M/E/r5PZ+DrMuVSZZZIuFsWZwDbFs99xn2tGrZg4Qqjm7lZMh0QTal1CFReCv/zyKgku6jd1/+Gy1rgt0ijDCZzCOfhwBQ24hyYEQGEEz/AKb0ihF/SOPhatJVTMHMMfoM8f5y2Peg==</latexit>

⇤back
3 ⇠

p
Z⇤3 � ⇤3

<latexit sha1_base64="X6DitNwB6ihOfrGmnvSbSAmZf8Y=">AAACInicbVDJTsMwEHVYS9kCHLlYVEicqgSQWE4VXDhwKBKhFU2IHMdprdpJsB2kKuq/cOFXuHBgOyHxMbhtENAykq03b95oZl6QMiqVZX0YU9Mzs3PzpYXy4tLyyqq5tn4lk0xg4uCEJaIZIEkYjYmjqGKkmQqCeMBII+ieDuqNOyIkTeJL1UuJx1E7phHFSGnKN4/dcy0Okb93k7uCwwDhbh+6knL93QqVX+vsWwLddvsn882KVbWGASeBXYAKKKLum29umOCMk1hhhqRs2VaqvBwJRTEj/bKbSZLq+ahNWhrGiBPp5cMb+3BbMyGMEqFfrOCQ/d2RIy5ljwdayZHqyPHagPyv1spUdOjlNE4zRWI8GhRlDKoEDgyDIRUEK9bTAGFB9a4Qd5BAWGlby9oEe/zkSeDsVo+q9sV+pXZSuFECm2AL7AAbHIAaOAN14AAM7sEjeAYvxoPxZLwa7yPplFH0bIA/YXx+AQpbo3k=</latexit><latexit sha1_base64="X6DitNwB6ihOfrGmnvSbSAmZf8Y=">AAACInicbVDJTsMwEHVYS9kCHLlYVEicqgSQWE4VXDhwKBKhFU2IHMdprdpJsB2kKuq/cOFXuHBgOyHxMbhtENAykq03b95oZl6QMiqVZX0YU9Mzs3PzpYXy4tLyyqq5tn4lk0xg4uCEJaIZIEkYjYmjqGKkmQqCeMBII+ieDuqNOyIkTeJL1UuJx1E7phHFSGnKN4/dcy0Okb93k7uCwwDhbh+6knL93QqVX+vsWwLddvsn882KVbWGASeBXYAKKKLum29umOCMk1hhhqRs2VaqvBwJRTEj/bKbSZLq+ahNWhrGiBPp5cMb+3BbMyGMEqFfrOCQ/d2RIy5ljwdayZHqyPHagPyv1spUdOjlNE4zRWI8GhRlDKoEDgyDIRUEK9bTAGFB9a4Qd5BAWGlby9oEe/zkSeDsVo+q9sV+pXZSuFECm2AL7AAbHIAaOAN14AAM7sEjeAYvxoPxZLwa7yPplFH0bIA/YXx+AQpbo3k=</latexit><latexit sha1_base64="X6DitNwB6ihOfrGmnvSbSAmZf8Y=">AAACInicbVDJTsMwEHVYS9kCHLlYVEicqgSQWE4VXDhwKBKhFU2IHMdprdpJsB2kKuq/cOFXuHBgOyHxMbhtENAykq03b95oZl6QMiqVZX0YU9Mzs3PzpYXy4tLyyqq5tn4lk0xg4uCEJaIZIEkYjYmjqGKkmQqCeMBII+ieDuqNOyIkTeJL1UuJx1E7phHFSGnKN4/dcy0Okb93k7uCwwDhbh+6knL93QqVX+vsWwLddvsn882KVbWGASeBXYAKKKLum29umOCMk1hhhqRs2VaqvBwJRTEj/bKbSZLq+ahNWhrGiBPp5cMb+3BbMyGMEqFfrOCQ/d2RIy5ljwdayZHqyPHagPyv1spUdOjlNE4zRWI8GhRlDKoEDgyDIRUEK9bTAGFB9a4Qd5BAWGlby9oEe/zkSeDsVo+q9sV+pXZSuFECm2AL7AAbHIAaOAN14AAM7sEjeAYvxoPxZLwa7yPplFH0bIA/YXx+AQpbo3k=</latexit><latexit sha1_base64="X6DitNwB6ihOfrGmnvSbSAmZf8Y=">AAACInicbVDJTsMwEHVYS9kCHLlYVEicqgSQWE4VXDhwKBKhFU2IHMdprdpJsB2kKuq/cOFXuHBgOyHxMbhtENAykq03b95oZl6QMiqVZX0YU9Mzs3PzpYXy4tLyyqq5tn4lk0xg4uCEJaIZIEkYjYmjqGKkmQqCeMBII+ieDuqNOyIkTeJL1UuJx1E7phHFSGnKN4/dcy0Okb93k7uCwwDhbh+6knL93QqVX+vsWwLddvsn882KVbWGASeBXYAKKKLum29umOCMk1hhhqRs2VaqvBwJRTEj/bKbSZLq+ahNWhrGiBPp5cMb+3BbMyGMEqFfrOCQ/d2RIy5ljwdayZHqyPHagPyv1spUdOjlNE4zRWI8GhRlDKoEDgyDIRUEK9bTAGFB9a4Qd5BAWGlby9oEe/zkSeDsVo+q9sV+pXZSuFECm2AL7AAbHIAaOAN14AAM7sEjeAYvxoPxZLwa7yPplFH0bIA/YXx+AQpbo3k=</latexit>
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<latexit sha1_base64="zZHSHJFxp9ZRSo9HRfUtyecdFws="></latexit><latexit sha1_base64="zZHSHJFxp9ZRSo9HRfUtyecdFws="></latexit><latexit sha1_base64="zZHSHJFxp9ZRSo9HRfUtyecdFws="></latexit><latexit sha1_base64="zZHSHJFxp9ZRSo9HRfUtyecdFws="></latexit>

⌘ Zµ⌫ � 1
<latexit sha1_base64="hogZHJg1Q+E4eMhKN1MDrUV6I+M=">AAACAHicbVDLSsNAFJ34rPUVdSO4GSyCq5KIoO6KblxWMLbYhDCZTtKhk0mcR6GEuvFX3LhQcetnuPNvnLZZaOuBC4dz7uXee6KcUakc59taWFxaXlmtrFXXNza3tu2d3TuZaYGJhzOWiXaEJGGUE09RxUg7FwSlESOtqH819lsDIiTN+K0a5iRIUcJpTDFSRgrtfZ88aDqA92Hhpxr6XI+gnyTQDe2aU3cmgPPELUkNlGiG9pffzbBOCVeYISk7rpOroEBCUczIqOprSXKE+yghHUM5SokMiskHI3hklC6MM2GKKzhRf08UKJVymEamM0WqJ2e9sfif19EqPg8KynOtCMfTRbFmUGVwHAfsUkGwYkNDEBbU3ApxDwmElQmtakJwZ1+eJ95J/aLu3pzWGpdlGhVwAA7BMXDBGWiAa9AEHsDgETyDV/BmPVkv1rv1MW1dsMqZPfAH1ucPw+yV/g==</latexit><latexit sha1_base64="hogZHJg1Q+E4eMhKN1MDrUV6I+M=">AAACAHicbVDLSsNAFJ34rPUVdSO4GSyCq5KIoO6KblxWMLbYhDCZTtKhk0mcR6GEuvFX3LhQcetnuPNvnLZZaOuBC4dz7uXee6KcUakc59taWFxaXlmtrFXXNza3tu2d3TuZaYGJhzOWiXaEJGGUE09RxUg7FwSlESOtqH819lsDIiTN+K0a5iRIUcJpTDFSRgrtfZ88aDqA92Hhpxr6XI+gnyTQDe2aU3cmgPPELUkNlGiG9pffzbBOCVeYISk7rpOroEBCUczIqOprSXKE+yghHUM5SokMiskHI3hklC6MM2GKKzhRf08UKJVymEamM0WqJ2e9sfif19EqPg8KynOtCMfTRbFmUGVwHAfsUkGwYkNDEBbU3ApxDwmElQmtakJwZ1+eJ95J/aLu3pzWGpdlGhVwAA7BMXDBGWiAa9AEHsDgETyDV/BmPVkv1rv1MW1dsMqZPfAH1ucPw+yV/g==</latexit><latexit sha1_base64="hogZHJg1Q+E4eMhKN1MDrUV6I+M=">AAACAHicbVDLSsNAFJ34rPUVdSO4GSyCq5KIoO6KblxWMLbYhDCZTtKhk0mcR6GEuvFX3LhQcetnuPNvnLZZaOuBC4dz7uXee6KcUakc59taWFxaXlmtrFXXNza3tu2d3TuZaYGJhzOWiXaEJGGUE09RxUg7FwSlESOtqH819lsDIiTN+K0a5iRIUcJpTDFSRgrtfZ88aDqA92Hhpxr6XI+gnyTQDe2aU3cmgPPELUkNlGiG9pffzbBOCVeYISk7rpOroEBCUczIqOprSXKE+yghHUM5SokMiskHI3hklC6MM2GKKzhRf08UKJVymEamM0WqJ2e9sfif19EqPg8KynOtCMfTRbFmUGVwHAfsUkGwYkNDEBbU3ApxDwmElQmtakJwZ1+eJ95J/aLu3pzWGpdlGhVwAA7BMXDBGWiAa9AEHsDgETyDV/BmPVkv1rv1MW1dsMqZPfAH1ucPw+yV/g==</latexit><latexit sha1_base64="hogZHJg1Q+E4eMhKN1MDrUV6I+M=">AAACAHicbVDLSsNAFJ34rPUVdSO4GSyCq5KIoO6KblxWMLbYhDCZTtKhk0mcR6GEuvFX3LhQcetnuPNvnLZZaOuBC4dz7uXee6KcUakc59taWFxaXlmtrFXXNza3tu2d3TuZaYGJhzOWiXaEJGGUE09RxUg7FwSlESOtqH819lsDIiTN+K0a5iRIUcJpTDFSRgrtfZ88aDqA92Hhpxr6XI+gnyTQDe2aU3cmgPPELUkNlGiG9pffzbBOCVeYISk7rpOroEBCUczIqOprSXKE+yghHUM5SokMiskHI3hklC6MM2GKKzhRf08UKJVymEamM0WqJ2e9sfif19EqPg8KynOtCMfTRbFmUGVwHAfsUkGwYkNDEBbU3ApxDwmElQmtakJwZ1+eJ95J/aLu3pzWGpdlGhVwAA7BMXDBGWiAa9AEHsDgETyDV/BmPVkv1rv1MW1dsMqZPfAH1ucPw+yV/g==</latexit>

Z(@')2 +
#

⇤3
3

(@')2⇤'
<latexit sha1_base64="PFsr0HaAVGcZNUkcJ6y/taE0CmQ="></latexit><latexit sha1_base64="PFsr0HaAVGcZNUkcJ6y/taE0CmQ="></latexit><latexit sha1_base64="PFsr0HaAVGcZNUkcJ6y/taE0CmQ="></latexit><latexit sha1_base64="PFsr0HaAVGcZNUkcJ6y/taE0CmQ="></latexit>

(Nicolis, Rattazzi ’04)



Once in the Vainshtein region…

�̂ = �̂c + '
<latexit sha1_base64="HI8ERrfo9zV23dKAsx23Ttal1SM=">AAACCXicbZDLSsNAFIYn9VbrLerSzWgRBKEkIqgLoejGZQVjC00oJ9NJM3RyYWZSKKVrN76KGxcqbn0Dd76NkzaItv4w8PGfczhzfj/lTCrL+jJKC4tLyyvl1cra+sbmlrm9cy+TTBDqkIQnouWDpJzF1FFMcdpKBYXI57Tp96/zenNAhWRJfKeGKfUi6MUsYASUtjrmvhuCwm4aMnyJf7hD8DF2ByByNqtWzZoIz4NdQBUVanTMT7ebkCyisSIcpGzbVqq8EQjFCKfjiptJmgLpQ4+2NcYQUemNJqeM8aF2ujhIhH6xwhP398QIIimHka87I1ChnK3l5n+1dqaCc2/E4jRTNCbTRUHGsUpwngvuMkGJ4kMNQATTf8UkBAFE6fQqOgR79uR5cE5qFzX79rRavyrSKKM9dICOkI3OUB3doAZyEEEP6Am9oFfj0Xg23oz3aWvJKGZ20R8ZH99nLpkF</latexit><latexit sha1_base64="HI8ERrfo9zV23dKAsx23Ttal1SM=">AAACCXicbZDLSsNAFIYn9VbrLerSzWgRBKEkIqgLoejGZQVjC00oJ9NJM3RyYWZSKKVrN76KGxcqbn0Dd76NkzaItv4w8PGfczhzfj/lTCrL+jJKC4tLyyvl1cra+sbmlrm9cy+TTBDqkIQnouWDpJzF1FFMcdpKBYXI57Tp96/zenNAhWRJfKeGKfUi6MUsYASUtjrmvhuCwm4aMnyJf7hD8DF2ByByNqtWzZoIz4NdQBUVanTMT7ebkCyisSIcpGzbVqq8EQjFCKfjiptJmgLpQ4+2NcYQUemNJqeM8aF2ujhIhH6xwhP398QIIimHka87I1ChnK3l5n+1dqaCc2/E4jRTNCbTRUHGsUpwngvuMkGJ4kMNQATTf8UkBAFE6fQqOgR79uR5cE5qFzX79rRavyrSKKM9dICOkI3OUB3doAZyEEEP6Am9oFfj0Xg23oz3aWvJKGZ20R8ZH99nLpkF</latexit><latexit sha1_base64="HI8ERrfo9zV23dKAsx23Ttal1SM=">AAACCXicbZDLSsNAFIYn9VbrLerSzWgRBKEkIqgLoejGZQVjC00oJ9NJM3RyYWZSKKVrN76KGxcqbn0Dd76NkzaItv4w8PGfczhzfj/lTCrL+jJKC4tLyyvl1cra+sbmlrm9cy+TTBDqkIQnouWDpJzF1FFMcdpKBYXI57Tp96/zenNAhWRJfKeGKfUi6MUsYASUtjrmvhuCwm4aMnyJf7hD8DF2ByByNqtWzZoIz4NdQBUVanTMT7ebkCyisSIcpGzbVqq8EQjFCKfjiptJmgLpQ4+2NcYQUemNJqeM8aF2ujhIhH6xwhP398QIIimHka87I1ChnK3l5n+1dqaCc2/E4jRTNCbTRUHGsUpwngvuMkGJ4kMNQATTf8UkBAFE6fQqOgR79uR5cE5qFzX79rRavyrSKKM9dICOkI3OUB3doAZyEEEP6Am9oFfj0Xg23oz3aWvJKGZ20R8ZH99nLpkF</latexit><latexit sha1_base64="HI8ERrfo9zV23dKAsx23Ttal1SM=">AAACCXicbZDLSsNAFIYn9VbrLerSzWgRBKEkIqgLoejGZQVjC00oJ9NJM3RyYWZSKKVrN76KGxcqbn0Dd76NkzaItv4w8PGfczhzfj/lTCrL+jJKC4tLyyvl1cra+sbmlrm9cy+TTBDqkIQnouWDpJzF1FFMcdpKBYXI57Tp96/zenNAhWRJfKeGKfUi6MUsYASUtjrmvhuCwm4aMnyJf7hD8DF2ByByNqtWzZoIz4NdQBUVanTMT7ebkCyisSIcpGzbVqq8EQjFCKfjiptJmgLpQ4+2NcYQUemNJqeM8aF2ujhIhH6xwhP398QIIimHka87I1ChnK3l5n+1dqaCc2/E4jRTNCbTRUHGsUpwngvuMkGJ4kMNQATTf8UkBAFE6fQqOgR79uR5cE5qFzX79rRavyrSKKM9dICOkI3OUB3doAZyEEEP6Am9oFfj0Xg23oz3aWvJKGZ20R8ZH99nLpkF</latexit>

�̂c
<latexit sha1_base64="V21BMwGvWbNbLAw7LnZb3uv9Cgo=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lEUG9FLx4rGFtIQtlsN83SzW7YnQgl9Gd48aDi1X/jzX/jts1Bqw8GHu/NMDMvzgU34LpfTm1ldW19o77Z2Nre2d1r7h88GFVoynyqhNL9mBgmuGQ+cBCsn2tGsliwXjy+mfm9R6YNV/IeJjmLMjKSPOGUgJWCMCWAwzzlAzpotty2Owf+S7yKtFCF7qD5GQ4VLTImgQpiTOC5OUQl0cCpYNNGWBiWEzomIxZYKknGTFTOT57iE6sMcaK0LQl4rv6cKElmzCSLbWdGIDXL3kz8zwsKSC6jksu8ACbpYlFSCAwKz/7HQ64ZBTGxhFDN7a2YpkQTCjalhg3BW375L/HP2ldt7+681bmu0qijI3SMTpGHLlAH3aIu8hFFCj2hF/TqgPPsvDnvi9aaU80col9wPr4BVUmQ1A==</latexit><latexit sha1_base64="V21BMwGvWbNbLAw7LnZb3uv9Cgo=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lEUG9FLx4rGFtIQtlsN83SzW7YnQgl9Gd48aDi1X/jzX/jts1Bqw8GHu/NMDMvzgU34LpfTm1ldW19o77Z2Nre2d1r7h88GFVoynyqhNL9mBgmuGQ+cBCsn2tGsliwXjy+mfm9R6YNV/IeJjmLMjKSPOGUgJWCMCWAwzzlAzpotty2Owf+S7yKtFCF7qD5GQ4VLTImgQpiTOC5OUQl0cCpYNNGWBiWEzomIxZYKknGTFTOT57iE6sMcaK0LQl4rv6cKElmzCSLbWdGIDXL3kz8zwsKSC6jksu8ACbpYlFSCAwKz/7HQ64ZBTGxhFDN7a2YpkQTCjalhg3BW375L/HP2ldt7+681bmu0qijI3SMTpGHLlAH3aIu8hFFCj2hF/TqgPPsvDnvi9aaU80col9wPr4BVUmQ1A==</latexit><latexit sha1_base64="V21BMwGvWbNbLAw7LnZb3uv9Cgo=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lEUG9FLx4rGFtIQtlsN83SzW7YnQgl9Gd48aDi1X/jzX/jts1Bqw8GHu/NMDMvzgU34LpfTm1ldW19o77Z2Nre2d1r7h88GFVoynyqhNL9mBgmuGQ+cBCsn2tGsliwXjy+mfm9R6YNV/IeJjmLMjKSPOGUgJWCMCWAwzzlAzpotty2Owf+S7yKtFCF7qD5GQ4VLTImgQpiTOC5OUQl0cCpYNNGWBiWEzomIxZYKknGTFTOT57iE6sMcaK0LQl4rv6cKElmzCSLbWdGIDXL3kz8zwsKSC6jksu8ACbpYlFSCAwKz/7HQ64ZBTGxhFDN7a2YpkQTCjalhg3BW375L/HP2ldt7+681bmu0qijI3SMTpGHLlAH3aIu8hFFCj2hF/TqgPPsvDnvi9aaU80col9wPr4BVUmQ1A==</latexit><latexit sha1_base64="V21BMwGvWbNbLAw7LnZb3uv9Cgo=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lEUG9FLx4rGFtIQtlsN83SzW7YnQgl9Gd48aDi1X/jzX/jts1Bqw8GHu/NMDMvzgU34LpfTm1ldW19o77Z2Nre2d1r7h88GFVoynyqhNL9mBgmuGQ+cBCsn2tGsliwXjy+mfm9R6YNV/IeJjmLMjKSPOGUgJWCMCWAwzzlAzpotty2Owf+S7yKtFCF7qD5GQ4VLTImgQpiTOC5OUQl0cCpYNNGWBiWEzomIxZYKknGTFTOT57iE6sMcaK0LQl4rv6cKElmzCSLbWdGIDXL3kz8zwsKSC6jksu8ACbpYlFSCAwKz/7HQ64ZBTGxhFDN7a2YpkQTCjalhg3BW375L/HP2ldt7+681bmu0qijI3SMTpGHLlAH3aIu8hFFCj2hF/TqgPPsvDnvi9aaU80col9wPr4BVUmQ1A==</latexit>

but our bounds beyond positivity require, e.g.:

Lfull
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= L�̂ +
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⇤2
(⇤�̂)2

" 1X
c̃n

 
@2�̂
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<latexit sha1_base64="Oc+PY5Ly28Jt1Rpssx7vyb/PoUQ="></latexit><latexit sha1_base64="Oc+PY5Ly28Jt1Rpssx7vyb/PoUQ="></latexit><latexit sha1_base64="Oc+PY5Ly28Jt1Rpssx7vyb/PoUQ="></latexit><latexit sha1_base64="Oc+PY5Ly28Jt1Rpssx7vyb/PoUQ="></latexit>
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<latexit sha1_base64="zZHSHJFxp9ZRSo9HRfUtyecdFws="></latexit><latexit sha1_base64="zZHSHJFxp9ZRSo9HRfUtyecdFws="></latexit><latexit sha1_base64="zZHSHJFxp9ZRSo9HRfUtyecdFws="></latexit><latexit sha1_base64="zZHSHJFxp9ZRSo9HRfUtyecdFws="></latexit>

⌘ Zµ⌫ � 1
<latexit sha1_base64="hogZHJg1Q+E4eMhKN1MDrUV6I+M=">AAACAHicbVDLSsNAFJ34rPUVdSO4GSyCq5KIoO6KblxWMLbYhDCZTtKhk0mcR6GEuvFX3LhQcetnuPNvnLZZaOuBC4dz7uXee6KcUakc59taWFxaXlmtrFXXNza3tu2d3TuZaYGJhzOWiXaEJGGUE09RxUg7FwSlESOtqH819lsDIiTN+K0a5iRIUcJpTDFSRgrtfZ88aDqA92Hhpxr6XI+gnyTQDe2aU3cmgPPELUkNlGiG9pffzbBOCVeYISk7rpOroEBCUczIqOprSXKE+yghHUM5SokMiskHI3hklC6MM2GKKzhRf08UKJVymEamM0WqJ2e9sfif19EqPg8KynOtCMfTRbFmUGVwHAfsUkGwYkNDEBbU3ApxDwmElQmtakJwZ1+eJ95J/aLu3pzWGpdlGhVwAA7BMXDBGWiAa9AEHsDgETyDV/BmPVkv1rv1MW1dsMqZPfAH1ucPw+yV/g==</latexit><latexit sha1_base64="hogZHJg1Q+E4eMhKN1MDrUV6I+M=">AAACAHicbVDLSsNAFJ34rPUVdSO4GSyCq5KIoO6KblxWMLbYhDCZTtKhk0mcR6GEuvFX3LhQcetnuPNvnLZZaOuBC4dz7uXee6KcUakc59taWFxaXlmtrFXXNza3tu2d3TuZaYGJhzOWiXaEJGGUE09RxUg7FwSlESOtqH819lsDIiTN+K0a5iRIUcJpTDFSRgrtfZ88aDqA92Hhpxr6XI+gnyTQDe2aU3cmgPPELUkNlGiG9pffzbBOCVeYISk7rpOroEBCUczIqOprSXKE+yghHUM5SokMiskHI3hklC6MM2GKKzhRf08UKJVymEamM0WqJ2e9sfif19EqPg8KynOtCMfTRbFmUGVwHAfsUkGwYkNDEBbU3ApxDwmElQmtakJwZ1+eJ95J/aLu3pzWGpdlGhVwAA7BMXDBGWiAa9AEHsDgETyDV/BmPVkv1rv1MW1dsMqZPfAH1ucPw+yV/g==</latexit><latexit sha1_base64="hogZHJg1Q+E4eMhKN1MDrUV6I+M=">AAACAHicbVDLSsNAFJ34rPUVdSO4GSyCq5KIoO6KblxWMLbYhDCZTtKhk0mcR6GEuvFX3LhQcetnuPNvnLZZaOuBC4dz7uXee6KcUakc59taWFxaXlmtrFXXNza3tu2d3TuZaYGJhzOWiXaEJGGUE09RxUg7FwSlESOtqH819lsDIiTN+K0a5iRIUcJpTDFSRgrtfZ88aDqA92Hhpxr6XI+gnyTQDe2aU3cmgPPELUkNlGiG9pffzbBOCVeYISk7rpOroEBCUczIqOprSXKE+yghHUM5SokMiskHI3hklC6MM2GKKzhRf08UKJVymEamM0WqJ2e9sfif19EqPg8KynOtCMfTRbFmUGVwHAfsUkGwYkNDEBbU3ApxDwmElQmtakJwZ1+eJ95J/aLu3pzWGpdlGhVwAA7BMXDBGWiAa9AEHsDgETyDV/BmPVkv1rv1MW1dsMqZPfAH1ucPw+yV/g==</latexit><latexit sha1_base64="hogZHJg1Q+E4eMhKN1MDrUV6I+M=">AAACAHicbVDLSsNAFJ34rPUVdSO4GSyCq5KIoO6KblxWMLbYhDCZTtKhk0mcR6GEuvFX3LhQcetnuPNvnLZZaOuBC4dz7uXee6KcUakc59taWFxaXlmtrFXXNza3tu2d3TuZaYGJhzOWiXaEJGGUE09RxUg7FwSlESOtqH819lsDIiTN+K0a5iRIUcJpTDFSRgrtfZ88aDqA92Hhpxr6XI+gnyTQDe2aU3cmgPPELUkNlGiG9pffzbBOCVeYISk7rpOroEBCUczIqOprSXKE+yghHUM5SokMiskHI3hklC6MM2GKKzhRf08UKJVymEamM0WqJ2e9sfif19EqPg8KynOtCMfTRbFmUGVwHAfsUkGwYkNDEBbU3ApxDwmElQmtakJwZ1+eJ95J/aLu3pzWGpdlGhVwAA7BMXDBGWiAa9AEHsDgETyDV/BmPVkv1rv1MW1dsMqZPfAH1ucPw+yV/g==</latexit>

� 1
<latexit sha1_base64="AeddmTHvjcGkHEEY+S5t8dUryOM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsN+nSzSbsToQS+hu8eFDx6h/y5r9x2+ag1QcDj/dmmJkXZlIYdN0vp7Kyura+Ud2sbW3v7O7V9w8eTJprxn2WylR3Q2q4FIr7KFDybqY5TULJO+H4ZuZ3Hrk2IlX3OMl4kNBYiUgwilby+3FMvEG94TbdOchf4pWkASXag/pnf5iyPOEKmaTG9Dw3w6CgGgWTfFrr54ZnlI1pzHuWKppwExTzY6fkxCpDEqXalkIyV39OFDQxZpKEtjOhODLL3kz8z+vlGF0GhVBZjlyxxaIolwRTMvucDIXmDOXEEsq0sLcSNqKaMrT51GwI3vLLf4l/1rxqenfnjdZ1mUYVjuAYTsGDC2jBLbTBBwYCnuAFXh3lPDtvzvuiteKUM4fwC87HN3Nxjfs=</latexit><latexit sha1_base64="AeddmTHvjcGkHEEY+S5t8dUryOM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsN+nSzSbsToQS+hu8eFDx6h/y5r9x2+ag1QcDj/dmmJkXZlIYdN0vp7Kyura+Ud2sbW3v7O7V9w8eTJprxn2WylR3Q2q4FIr7KFDybqY5TULJO+H4ZuZ3Hrk2IlX3OMl4kNBYiUgwilby+3FMvEG94TbdOchf4pWkASXag/pnf5iyPOEKmaTG9Dw3w6CgGgWTfFrr54ZnlI1pzHuWKppwExTzY6fkxCpDEqXalkIyV39OFDQxZpKEtjOhODLL3kz8z+vlGF0GhVBZjlyxxaIolwRTMvucDIXmDOXEEsq0sLcSNqKaMrT51GwI3vLLf4l/1rxqenfnjdZ1mUYVjuAYTsGDC2jBLbTBBwYCnuAFXh3lPDtvzvuiteKUM4fwC87HN3Nxjfs=</latexit><latexit sha1_base64="AeddmTHvjcGkHEEY+S5t8dUryOM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsN+nSzSbsToQS+hu8eFDx6h/y5r9x2+ag1QcDj/dmmJkXZlIYdN0vp7Kyura+Ud2sbW3v7O7V9w8eTJprxn2WylR3Q2q4FIr7KFDybqY5TULJO+H4ZuZ3Hrk2IlX3OMl4kNBYiUgwilby+3FMvEG94TbdOchf4pWkASXag/pnf5iyPOEKmaTG9Dw3w6CgGgWTfFrr54ZnlI1pzHuWKppwExTzY6fkxCpDEqXalkIyV39OFDQxZpKEtjOhODLL3kz8z+vlGF0GhVBZjlyxxaIolwRTMvucDIXmDOXEEsq0sLcSNqKaMrT51GwI3vLLf4l/1rxqenfnjdZ1mUYVjuAYTsGDC2jBLbTBBwYCnuAFXh3lPDtvzvuiteKUM4fwC87HN3Nxjfs=</latexit><latexit sha1_base64="AeddmTHvjcGkHEEY+S5t8dUryOM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsN+nSzSbsToQS+hu8eFDx6h/y5r9x2+ag1QcDj/dmmJkXZlIYdN0vp7Kyura+Ud2sbW3v7O7V9w8eTJprxn2WylR3Q2q4FIr7KFDybqY5TULJO+H4ZuZ3Hrk2IlX3OMl4kNBYiUgwilby+3FMvEG94TbdOchf4pWkASXag/pnf5iyPOEKmaTG9Dw3w6CgGgWTfFrr54ZnlI1pzHuWKppwExTzY6fkxCpDEqXalkIyV39OFDQxZpKEtjOhODLL3kz8z+vlGF0GhVBZjlyxxaIolwRTMvucDIXmDOXEEsq0sLcSNqKaMrT51GwI3vLLf4l/1rxqenfnjdZ1mUYVjuAYTsGDC2jBLbTBBwYCnuAFXh3lPDtvzvuiteKUM4fwC87HN3Nxjfs=</latexit>

⇤back ⌧ ⇤ ! r�1
V

<latexit sha1_base64="yDvzPlFP/mwuhp7ySpMC/V3nTDY=">AAACE3icbVDNSsNAGNz4W+tf1KOXxSIIYklEUG9FLx48VDBtoUnDZrNpl242YXcjlJCH8OKrePGg4tWLN9/GbZuDtg4sDDPfx7czQcqoVJb1bSwsLi2vrFbWqusbm1vb5s5uSyaZwMTBCUtEJ0CSMMqJo6hipJMKguKAkXYwvB777QciJE34vRqlxItRn9OIYqS05JvH7q0eDlEvd0UMA4SHBXQZg6UMXZVA4bd6+Yld+GbNqlsTwHlil6QGSjR988sNE5zFhCvMkJRd20qVlyOhKGakqLqZJKk+ifqkqylHMZFePglVwEOthDBKhH5cwYn6eyNHsZSjONCTMVIDOeuNxf+8bqaiCy+nPM0U4Xh6KMoY1EnHDcGQCoIVG2mCsKD6rxAPkEBY6R6rugR7NvI8cU7rl3X77qzWuCrbqIB9cACOgA3OQQPcgCZwAAaP4Bm8gjfjyXgx3o2P6eiCUe7sgT8wPn8AlMKddw==</latexit><latexit sha1_base64="yDvzPlFP/mwuhp7ySpMC/V3nTDY=">AAACE3icbVDNSsNAGNz4W+tf1KOXxSIIYklEUG9FLx48VDBtoUnDZrNpl242YXcjlJCH8OKrePGg4tWLN9/GbZuDtg4sDDPfx7czQcqoVJb1bSwsLi2vrFbWqusbm1vb5s5uSyaZwMTBCUtEJ0CSMMqJo6hipJMKguKAkXYwvB777QciJE34vRqlxItRn9OIYqS05JvH7q0eDlEvd0UMA4SHBXQZg6UMXZVA4bd6+Yld+GbNqlsTwHlil6QGSjR988sNE5zFhCvMkJRd20qVlyOhKGakqLqZJKk+ifqkqylHMZFePglVwEOthDBKhH5cwYn6eyNHsZSjONCTMVIDOeuNxf+8bqaiCy+nPM0U4Xh6KMoY1EnHDcGQCoIVG2mCsKD6rxAPkEBY6R6rugR7NvI8cU7rl3X77qzWuCrbqIB9cACOgA3OQQPcgCZwAAaP4Bm8gjfjyXgx3o2P6eiCUe7sgT8wPn8AlMKddw==</latexit><latexit sha1_base64="yDvzPlFP/mwuhp7ySpMC/V3nTDY=">AAACE3icbVDNSsNAGNz4W+tf1KOXxSIIYklEUG9FLx48VDBtoUnDZrNpl242YXcjlJCH8OKrePGg4tWLN9/GbZuDtg4sDDPfx7czQcqoVJb1bSwsLi2vrFbWqusbm1vb5s5uSyaZwMTBCUtEJ0CSMMqJo6hipJMKguKAkXYwvB777QciJE34vRqlxItRn9OIYqS05JvH7q0eDlEvd0UMA4SHBXQZg6UMXZVA4bd6+Yld+GbNqlsTwHlil6QGSjR988sNE5zFhCvMkJRd20qVlyOhKGakqLqZJKk+ifqkqylHMZFePglVwEOthDBKhH5cwYn6eyNHsZSjONCTMVIDOeuNxf+8bqaiCy+nPM0U4Xh6KMoY1EnHDcGQCoIVG2mCsKD6rxAPkEBY6R6rugR7NvI8cU7rl3X77qzWuCrbqIB9cACOgA3OQQPcgCZwAAaP4Bm8gjfjyXgx3o2P6eiCUe7sgT8wPn8AlMKddw==</latexit><latexit sha1_base64="yDvzPlFP/mwuhp7ySpMC/V3nTDY=">AAACE3icbVDNSsNAGNz4W+tf1KOXxSIIYklEUG9FLx48VDBtoUnDZrNpl242YXcjlJCH8OKrePGg4tWLN9/GbZuDtg4sDDPfx7czQcqoVJb1bSwsLi2vrFbWqusbm1vb5s5uSyaZwMTBCUtEJ0CSMMqJo6hipJMKguKAkXYwvB777QciJE34vRqlxItRn9OIYqS05JvH7q0eDlEvd0UMA4SHBXQZg6UMXZVA4bd6+Yld+GbNqlsTwHlil6QGSjR988sNE5zFhCvMkJRd20qVlyOhKGakqLqZJKk+ifqkqylHMZFePglVwEOthDBKhH5cwYn6eyNHsZSjONCTMVIDOeuNxf+8bqaiCy+nPM0U4Xh6KMoY1EnHDcGQCoIVG2mCsKD6rxAPkEBY6R6rugR7NvI8cU7rl3X77qzWuCrbqIB9cACOgA3OQQPcgCZwAAaP4Bm8gjfjyXgx3o2P6eiCUe7sgT8wPn8AlMKddw==</latexit>

⇤back
3 ⇠

p
Z⇤3 � ⇤3

<latexit sha1_base64="X6DitNwB6ihOfrGmnvSbSAmZf8Y=">AAACInicbVDJTsMwEHVYS9kCHLlYVEicqgSQWE4VXDhwKBKhFU2IHMdprdpJsB2kKuq/cOFXuHBgOyHxMbhtENAykq03b95oZl6QMiqVZX0YU9Mzs3PzpYXy4tLyyqq5tn4lk0xg4uCEJaIZIEkYjYmjqGKkmQqCeMBII+ieDuqNOyIkTeJL1UuJx1E7phHFSGnKN4/dcy0Okb93k7uCwwDhbh+6knL93QqVX+vsWwLddvsn882KVbWGASeBXYAKKKLum29umOCMk1hhhqRs2VaqvBwJRTEj/bKbSZLq+ahNWhrGiBPp5cMb+3BbMyGMEqFfrOCQ/d2RIy5ljwdayZHqyPHagPyv1spUdOjlNE4zRWI8GhRlDKoEDgyDIRUEK9bTAGFB9a4Qd5BAWGlby9oEe/zkSeDsVo+q9sV+pXZSuFECm2AL7AAbHIAaOAN14AAM7sEjeAYvxoPxZLwa7yPplFH0bIA/YXx+AQpbo3k=</latexit><latexit sha1_base64="X6DitNwB6ihOfrGmnvSbSAmZf8Y=">AAACInicbVDJTsMwEHVYS9kCHLlYVEicqgSQWE4VXDhwKBKhFU2IHMdprdpJsB2kKuq/cOFXuHBgOyHxMbhtENAykq03b95oZl6QMiqVZX0YU9Mzs3PzpYXy4tLyyqq5tn4lk0xg4uCEJaIZIEkYjYmjqGKkmQqCeMBII+ieDuqNOyIkTeJL1UuJx1E7phHFSGnKN4/dcy0Okb93k7uCwwDhbh+6knL93QqVX+vsWwLddvsn882KVbWGASeBXYAKKKLum29umOCMk1hhhqRs2VaqvBwJRTEj/bKbSZLq+ahNWhrGiBPp5cMb+3BbMyGMEqFfrOCQ/d2RIy5ljwdayZHqyPHagPyv1spUdOjlNE4zRWI8GhRlDKoEDgyDIRUEK9bTAGFB9a4Qd5BAWGlby9oEe/zkSeDsVo+q9sV+pXZSuFECm2AL7AAbHIAaOAN14AAM7sEjeAYvxoPxZLwa7yPplFH0bIA/YXx+AQpbo3k=</latexit><latexit sha1_base64="X6DitNwB6ihOfrGmnvSbSAmZf8Y=">AAACInicbVDJTsMwEHVYS9kCHLlYVEicqgSQWE4VXDhwKBKhFU2IHMdprdpJsB2kKuq/cOFXuHBgOyHxMbhtENAykq03b95oZl6QMiqVZX0YU9Mzs3PzpYXy4tLyyqq5tn4lk0xg4uCEJaIZIEkYjYmjqGKkmQqCeMBII+ieDuqNOyIkTeJL1UuJx1E7phHFSGnKN4/dcy0Okb93k7uCwwDhbh+6knL93QqVX+vsWwLddvsn882KVbWGASeBXYAKKKLum29umOCMk1hhhqRs2VaqvBwJRTEj/bKbSZLq+ahNWhrGiBPp5cMb+3BbMyGMEqFfrOCQ/d2RIy5ljwdayZHqyPHagPyv1spUdOjlNE4zRWI8GhRlDKoEDgyDIRUEK9bTAGFB9a4Qd5BAWGlby9oEe/zkSeDsVo+q9sV+pXZSuFECm2AL7AAbHIAaOAN14AAM7sEjeAYvxoPxZLwa7yPplFH0bIA/YXx+AQpbo3k=</latexit><latexit sha1_base64="X6DitNwB6ihOfrGmnvSbSAmZf8Y=">AAACInicbVDJTsMwEHVYS9kCHLlYVEicqgSQWE4VXDhwKBKhFU2IHMdprdpJsB2kKuq/cOFXuHBgOyHxMbhtENAykq03b95oZl6QMiqVZX0YU9Mzs3PzpYXy4tLyyqq5tn4lk0xg4uCEJaIZIEkYjYmjqGKkmQqCeMBII+ieDuqNOyIkTeJL1UuJx1E7phHFSGnKN4/dcy0Okb93k7uCwwDhbh+6knL93QqVX+vsWwLddvsn882KVbWGASeBXYAKKKLum29umOCMk1hhhqRs2VaqvBwJRTEj/bKbSZLq+ahNWhrGiBPp5cMb+3BbMyGMEqFfrOCQ/d2RIy5ljwdayZHqyPHagPyv1spUdOjlNE4zRWI8GhRlDKoEDgyDIRUEK9bTAGFB9a4Qd5BAWGlby9oEe/zkSeDsVo+q9sV+pXZSuFECm2AL7AAbHIAaOAN14AAM7sEjeAYvxoPxZLwa7yPplFH0bIA/YXx+AQpbo3k=</latexit>

Z(@')2 +
#

⇤3
3

(@')2⇤'
<latexit sha1_base64="PFsr0HaAVGcZNUkcJ6y/taE0CmQ="></latexit><latexit sha1_base64="PFsr0HaAVGcZNUkcJ6y/taE0CmQ="></latexit><latexit sha1_base64="PFsr0HaAVGcZNUkcJ6y/taE0CmQ="></latexit><latexit sha1_base64="PFsr0HaAVGcZNUkcJ6y/taE0CmQ="></latexit>

(Nicolis, Rattazzi ’04)
Vainshtein cutoff redressing

(Arkani-Hamed et al. ’03)

'
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No massless interacting Higher-Spins

Starting point is conceptually/fundamentally different.*

Weinberg:

Weinberg-Witten, Porrati:

Arkani-Hamed - Huang2:

No long-range force.

graviton

Figure 1:

1 A

1

m = 0, 1, 2
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No minimal coupling to gravity.
± h

± h

 –h

+h
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–h

No 3-particle vertex leading to consistent 4-particle amplitude.*

Rs =

✓
h13i2[24]2

u

◆h
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+h
M(1�h2+h3�h4+h) = h13i2h[24]2hF (s, t, u)
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hp+ q,±h|⇥µ⌫ |p,±hi = e±i✓(2h�m)hp+ q,±h|⇥µ⌫ |p,±hi
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q=0 = 0
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Mi=n ⇡ �n
pµn · · · p⌫n ✏µ···⌫

pn · q M0
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Massive interacting Higher-Spins

[Q,S] = 0
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GPoincaré ⇥Ginternal
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Coleman-Mandula:

No conserved HS charges.

HS symmetries must be non-linearly realized, aka spontaneously broken.*

and

HS particles must be composite.

[Q, Jµ⌫ ] = [Q,Pµ] = 0
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No-go theorems for light interacting Higher-Spins

U(1) charged
Porrati ’08

Arkani-Hamed, Huang, Huang ’17
…

gravitational
Carot-Huot et al. ‘16

Bonifacio, Hinterbichler ’18
Afkhami-Jeddi et al. ’18

…

⇤ . m/g1/(2s�1)
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Qualitative bounds on interactions with external currents.




