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Precision Measurements

At the frontier of experimental capabilities:

Effective Field Theories ⇿ BSM Searches

Departures from SM = Series in E/M 
Heavy New Physics

(Colliders, Quantum Gravity, Cosmology,…)
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<latexit sha1_base64="z49qwoS2ye++5zG1xSYH/hcDTeQ="></latexit>

A2!2(s, t) = c0 + c2s
2 + c2,1s

2t+ c4s
4 + · · ·+ cn,msntm

(e.g. tree-level)

Lore: all E-behaviours IR consistent!
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Which IR theories are Causal and Unitary in UV?

<latexit sha1_base64="z49qwoS2ye++5zG1xSYH/hcDTeQ="></latexit>
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4 + · · ·+ cn,msntm

(e.g. tree-level)

Lore: all E-behaviours IR consistent!



Notation/Outline

<latexit sha1_base64="z49qwoS2ye++5zG1xSYH/hcDTeQ="></latexit>

A2!2(s, t) = c0 + c2s
2 + c2,1s

2t+ c4s
4 + · · ·+ cn,msntm

(e.g. tree-level)

<latexit sha1_base64="5DUnQzz5lNEnBaz/5r/vXSYQE24="></latexit>c2 c2,1 c2,2 · · ·
c4 c4,1 c4,2 · · ·
c6 c6,1 c6,2 · · ·
...

...
...

<latexit sha1_base64="hFuhKo6O5krFIhKbp0Tp0HWk5g8=">AAAB9XicbVC7TsNAEDzzDOEVoKQ5ESFRRXYEgjKChjII8pASK1pfNuGU80N3a1Bk5RNooaJDtHwPBf+CbVxAwlSjmV3t7HiRkoZs+9NaWl5ZXVsvbZQ3t7Z3dit7+20TxlpgS4Qq1F0PDCoZYIskKexGGsH3FHa8yVXmdx5QGxkGdzSN0PVhHMiRFECpdCsG9UGlatfsHHyROAWpsgLNQeWrPwxF7GNAQoExPceOyE1AkxQKZ+V+bDACMYEx9lIagI/GTfKoM34cG6CQR6i5VDwX8fdGAr4xU99LJ32gezPvZeJ/Xi+m0YWbyCCKCQORHSKpMD9khJZpB8iHUiMRZMmRy4AL0ECEWnIQIhXjtJRy2ocz//0iaddrzlnNvjmtNi6LZkrskB2xE+awc9Zg16zJWkywMXtiz+zFerRerTfr/Wd0ySp2DtgfWB/flDOSFQ==</latexit>c2
<latexit sha1_base64="d/+4mwzHQqlVXqh/ZN81WEzXls8=">AAAB+XicbVC7TsNAEDyHVwivACXNiQiJAkV2BIIygoYySOQhJVa0vmzCKeeH7tZIkZWPoIWKDtHyNRT8C7ZxAQlTjWZ2tbPjRUoasu1Pq7Syura+Ud6sbG3v7O5V9w86Joy1wLYIVah7HhhUMsA2SVLYizSC7ynsetObzO8+ojYyDO5pFqHrwySQYymAUqkrhknjzJkPqzW7bufgy8QpSI0VaA2rX4NRKGIfAxIKjOk7dkRuApqkUDivDGKDEYgpTLCf0gB8NG6Sx53zk9gAhTxCzaXiuYi/NxLwjZn5XjrpAz2YRS8T//P6MY2v3EQGUUwYiOwQSYX5ISO0THtAPpIaiSBLjlwGXIAGItSSgxCpGKfFVNI+nMXvl0mnUXcu6vbdea15XTRTZkfsmJ0yh12yJrtlLdZmgk3ZE3tmL1ZivVpv1vvPaMkqdg7ZH1gf30HGk5I=</latexit>c2,1

<latexit sha1_base64="mkC8ufHq0Cw/TwJKS2QmnlUQg/w=">AAAB93icbVC7TsNAEDyHVwivACXNiQiJKrJREJQRNJRBwkmkxIrWl0045fzQ3RopsvINtFDRIVo+h4J/wTYuIDDVaGZXOzt+rKQh2/6wKiura+sb1c3a1vbO7l59/6BrokQLdEWkIt33waCSIbokSWE/1giBr7Dnz65zv/eA2sgovKN5jF4A01BOpADKJFeM0tZiVG/YTbsA/0uckjRYic6o/jkcRyIJMCShwJiBY8fkpaBJCoWL2jAxGIOYwRQHGQ0hQOOlRdgFP0kMUMRj1FwqXoj4cyOFwJh54GeTAdC9WfZy8T9vkNDk0ktlGCeEocgPkVRYHDJCy6wF5GOpkQjy5MhlyAVoIEItOQiRiUlWSy3rw1n+/i/pnjWd86Z922q0r8pmquyIHbNT5rAL1mY3rMNcJphkj+yJPVtz68V6td6+RytWuXPIfsF6/wJmjZMj</latexit>c4
<latexit sha1_base64="BjbQpzWYCEzOMJOsNneqZrBhLkE=">AAAB+XicbVC7TsNAEDzzDOEVoKQ5ESFRoMhGICgjaCiDRB5SEkXryyaccj5bd2ukyMpH0EJFh2j5Ggr+Bdu4gISpRjO72tnxIyUtue6ns7S8srq2Xtoob25t7+xW9vZbNoyNwKYIVWg6PlhUUmOTJCnsRAYh8BW2/clN5rcf0VgZ6nuaRtgPYKzlSAqgVGqLQaJPg9mgUnVrbg6+SLyCVFmBxqDy1RuGIg5Qk1BgbddzI+onYEgKhbNyL7YYgZjAGLsp1RCg7Sd53Bk/ji1QyCM0XCqei/h7I4HA2mngp5MB0IOd9zLxP68b0+iqn0gdxYRaZIdIKswPWWFk2gPyoTRIBFly5FJzAQaI0EgOQqRinBZTTvvw5r9fJK2zmndRc+/Oq/XropkSO2RH7IR57JLV2S1rsCYTbMKe2DN7cRLn1Xlz3n9Gl5xi54D9gfPxDf2+lAo=</latexit>cn,m
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2. Implications
weak coupling
strong coupling

3. Non forward & Gravity

1. UV, IR
(2 ➙2 amplitude, dispersion relation, arcs, moments)



1.   UV  ➙  IR



UV-IR Connection

Causality  

Unitarity

Physical Properties Mathematical Properties 
of 2➙2 forward amplitude A(s)/sn

(optical theorem)

Analytic in   

Positive across 

<latexit sha1_base64="fJIaawic/3eTAu+dqUsulcYgzh8=">AAACCXicbVC7TsNAEDzzDOEVHh3NiQiJKtgoEpQRaSiDREik2IrOl01yyvmhuzVSsPIDfAUtVJSIlq+g4F84GxeQMNVoZlc7O34shUbb/rSWlldW19ZLG+XNre2d3cre/p2OEsWhzSMZqa7PNEgRQhsFSujGCljgS+j4k2bmd+5BaRGFtziNwQvYKBRDwRkaqV851K4IqRswHPt+2pydxeOp7leqds3OQReJU5AqKdDqV77cQcSTAELkkmndc+wYvZQpFFzCrOwmGmLGJ2wEPUNDFoD20jz9jJ4kmmFEY1BUSJqL8HsjZYHW08A3k1lMPe9l4n9eL8HhpZeKME4QQp4dQiEhP6S5EqYWoAOhAJFlyYGaJjhTDBGUoIxzIyamp7Lpw5n/fpF0zmtOveY4N/Vq46qopkSOyDE5JQ65IA1yTVqkTTh5IE/kmbxYj9ar9Wa9/4wuWcXOAfkD6+MbADyZ7w==</latexit>

s 2 C/phys
<latexit sha1_base64="uHmtxEBUpBIW+nHaFjgdeTPZwrY=">AAACBHicbVC7TsNAEDyHVwiPGChpTkRIVJGNIkEZQUMZECGRYis6XzbhlPPZulsjRVZKvoIWKkpEy39Q8C/YxgUkTDWa2dXOThBLYdBxPq3Kyura+kZ1s7a1vbNbt/f270yUaA5dHslI9wNmQAoFXRQooR9rYGEgoRdML3O/9wDaiEjd4iwGP2QTJcaCM8ykoV03nlDUCxneB0F6Mx/aDafpFKDLxC1Jg5ToDO0vbxTxJASFXDJjBq4To58yjYJLmNe8xEDM+JRNYJBRxUIwfloEn9PjxDCMaAyaCkkLEX5vpCw0ZhYG2WSe0Cx6ufifN0hwfO6nQsUJguL5IRQSikOGa5E1AnQkNCCyPDnQrATONEMELSjjPBOTrKJa1oe7+P0y6Z023VbTda9bjfZFWU2VHJIjckJcckba5Ip0SJdwkpAn8kxerEfr1Xqz3n9GK1a5c0D+wPr4BjGYl9k=</latexit>

s 2 R
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< vanishes for n≥2 
(Froissart bound)
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Crossing
s $ u

<latexit sha1_base64="vB2fIJ9c798ogAWjbhrnEdyKHQg=">AAACBnicbVDLTgJBEJz1Lb4Qj14mEhNPZAcJyI3oxSMmoiRASO/Q4MTZR2Z6VUK8+xVe9eTNePU3PPgv7q4kPutUqepOV5cXaWXJdd+cmdm5+YXFpeXcyura+kZ+s3Bmw9hIbMlQh6btgUWtAmyRIo3tyCD4nsZz7/Io9c+v0FgVBqc0jrDnwyhQQyWBEqmfL9iuxiEZNbogMCa85nE/X3RLNSFErcITUnZdt54SUS2LKhclN0ORTdHs59+7g1DGPgYkNVjbEW5EvQkYUlLjba4bW4xAXsIIOwkNwEfbm2TZb/lubIFCHqHhSvNMxO8bE/CtHfteMukDXdjfXir+53ViGh70JiqIYsJApodIacwOWWlUUgrygTJIBGly5CrgEgwQoVEcpEzEOGkpl/VRT/H1/V9yVi6J/dL+SaXYOJw2s8S22Q7bY4LVWIMdsyZrMclu2D17YI/OnfPkPDsvn6MzznRni/2A8/oB4XaZsQ==</latexit>

s $ �u+ 4m2
<latexit sha1_base64="WeUY6TVklR/B1pmBJSP9HdCWm9U="></latexit>
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ItForward Scattering <latexit sha1_base64="085A39i1IzncX6/gO5C8Mqb/iT4=">AAAB+HicdVDLTgJBEJz1ifhCPXqZSEw8bWYRAtyIXjxiImACxPQODYzOPjLTa4KEf/CqJ2/Gq3/jwX9xQUzUaJ0qVd3p6vJjrSwJ8eYsLC4tr6xm1rLrG5tb27md3aaNEiOxISMdmUsfLGoVYoMUabyMDULga2z5N6dTv3WLxqoovKBRjN0ABqHqKwmUSs0ODZHgKpcXblWUKpUCF27xuFSoFlMiCuViyeOeK2bIsznqV7n3Ti+SSYAhSQ3Wtj0RU3cMhpTUOMl2EosxyBsYYDulIQRou+NZ2gk/TCxQxGM0XGk+E/H7xhgCa0eBn04GQEP725uKf3nthPqV7liFcUIYyukhUhpnh6w0Kq0BeU8ZJIJpcuQq5BIMEKFRHKRMxSTtJZv28fU0/580C65XcsV5MV87mTeTYfvsgB0xj5VZjZ2xOmswya7ZPXtgj86d8+Q8Oy+fowvOfGeP/YDz+gHQN5P/</latexit>

✓
<latexit sha1_base64="JFDH94rEXTnr7WEm2mp3LW1EGho=">AAACBHicdVDLTgJBEJzFF+Jr1aOXicTEE1leAgcTohePmAiYAJLeodEJs4/M9JIQwtWv8Konb8ar/+HBf3F5mKjROlWqutPV5YZKGnKcdyuxtLyyupZcT21sbm3v2Lt7DRNEWmBdBCrQ1y4YVNLHOklSeB1qBM9V2HQH51O/OURtZOBf0SjEjge3vuxLARRLXdumtpEeb9MdEtzkTp2unXYyxXKpXCnwmFQqOWdO8if5Es9mnBnSbIFa1/5o9wIReeiTUGBMK+uE1BmDJikUTlLtyGAIYgC32IqpDx6azniWfMKPIgMU8BA1l4rPRPy+MQbPmJHnxpMe0J357U3Fv7xWRP1yZyz9MCL0xfQQSYWzQ0ZoGVeCvCc1EsE0OXLpcwEaiFBLDkLEYhR3lIr7+Hqa/08auUy2mHEuC+nq2aKZJDtgh+yYZVmJVdkFq7E6E2zIHtgje7LurWfrxXqdjyasxc4++wHr7RMKU5fj</latexit>

t ⇠ ✓2 = 0
<latexit sha1_base64="7u8464IxumTZjdoM7jGpsrmYryk=">AAAB93icdVDLSgNBEJz1GeMr6tHLYBA8LZuXSQ5CUASPEcwDkjXMTjpxyOyDmV4hhHyDVz15E69+jgf/xdkkgorWqajqpqvLi6TQ6Djv1tLyyuraemojvbm1vbOb2dtv6jBWHBo8lKFqe0yDFAE0UKCEdqSA+Z6Elje6SPzWPSgtwuAGxxG4PhsGYiA4QyM19Nnlbb6XyTp2qVKuVIvUkGo178xJ4bRQpjnbmSFLFqj3Mh/dfshjHwLkkmndyTkRuhOmUHAJ03Q31hAxPmJD6BgaMB+0O5mFndLjWDMMaQSKCklnInzfmDBf67HvmUmf4Z3+7SXiX14nxkHFnYggihECnhxCIWF2SHMlTAtA+0IBIkuSAxUB5UwxRFCCMs6NGJta0qaPr6fp/6SZt3Ml27kuZmvni2ZS5JAckROSI2VSI1ekThqEE0EeyCN5ssbWs/Vivc5Hl6zFzgH5AevtE1xbkyE=</latexit>

s = E2Total energy



Arcs: UV-IR Connection
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<latexit sha1_base64="rlw1SKh5k64shyn37z0YAUby5/Y=">AAACAHicbVC7TsNAEDzzDOEVoKQ5ESFRRbYDBHcIGhqkIJEEKQlofWzCKeeH7tZIyKLhK2ihokO0/AkF/4JtIsRrqtHMrnZ2/FhJQ7b9Zk1MTk3PzJbmyvMLi0vLlZXVtokSLbAlIhXpMx8MKhliiyQpPIs1QuAr7Pijw9zvXKM2MgpP6SbGfgDDUA6kAMqk854PmhveU4ofn7sXlapdazi229jhGXHr256XE8dr1F3u1OwCVTZG86Ly3ruMRBJgSEKBMV3HjqmfgiYpFN6We4nBGMQIhtjNaAgBmn5apL7lm4kBiniMmkvFCxG/b6QQGHMT+NlkAHRlfnu5+J/XTWiw109lGCeEocgPkVRYHDJCy6wO5JdSIxHkyZHLkAvQQIRachAiE5Osn3LRh5dj9+v7v6Tt1px6rX6yXd0/GDdTYutsg20xhzXYPjtiTdZigml2zx7Yo3VnPVnP1svn6IQ13lljP2C9fgBVE5aM</latexit>

=<latexit sha1_base64="MothCEB2wmoC7VC3OC+GyGrRDzA=">AAAB83icbVDLSgNBEJyNr7i+oh69DAbBU9g14OMQDHrxmIB5QLKE2UknDpl9MNMrhCVf4FVP3tSr3+EniAf/xd1NEDXWqajqpqvLDaXQaFkfRm5hcWl5Jb9qrq1vbG4VtneaOogUhwYPZKDaLtMghQ8NFCihHSpgniuh5Y4uU791C0qLwL/GcQiOx4a+GAjOMJHqlV6haJWsDHSe2DNSPH8zK+Hzu1nrFT67/YBHHvjIJdO6Y1shOjFTKLiEidmNNISMj9gQOgn1mQfaibOgE3oQaYYBDUFRIWkmws+NmHlajz03mfQY3ui/Xir+53UiHJw6sfDDCMHn6SEUErJDmiuRNAC0LxQgsjQ5UOFTzhRDBCUo4zwRo6QSM+vjLMXx9/fzpHlUssulct0qVi/IFHmyR/bJIbHJCamSK1IjDcIJkDtyTx6MyHg0noyX6WjOmO3skl8wXr8Axq6Uug==</latexit>

positives̄
<latexit sha1_base64="2K9qPot6e1Bu5wj2M278nXTh7sc=">AAAB+XicbVDLSgNBEJz1GddX1KOXwSB4CrMRkngQg148KhgTSELoHVsdMvtgpleQxY/wqifxIl79CD9BPPgv7q4ivupUVHXT1eXHWlkS4tUZG5+YnJouzbizc/MLi+Wl5WMbJUZiW0Y6Ml0fLGoVYpsUaezGBiHwNXb80V7udy7QWBWFR3QZ4yCAs1CdKgmUSZ2+D4ZbPixXRLXheTXh8YzUhGjWP4lX415VFKjsPLvb8f2LezAsv/VPIpkEGJLUYG3PEzENUjCkpMYrt59YjEGO4Ax7GQ0hQDtIi7hXfD2xQBGP0XCleSHi940UAmsvAz+bDIDO7W8vF//zegmdNgepCuOEMJT5IVIai0NWGpX1gPxEGSSCPDlyFXIJBojQKA5SZmKSFeMWfWzlqH99/5cc16reZnXzUFRau+wDJbbK1tgG81iDtdg+O2BtJtmIXbMbduukzp3z4Dx+jI45nzsr7Aecp3cbW5cs</latexit>

An > 0
<latexit sha1_base64="SpVTFMlFfDCyJgnDOTIQJ24H+T8=">AAACEXicbVC7SgNBFJ31GeMrKtiIMCiCVdgY8NFI1MZSwUQhCeHueNUhs7PLzF0hLFv5CX6FhY1WdiJ2foGFfou7axBfpzqcc+/cM8cLlbTkuq/OwODQ8MhoYaw4PjE5NV2amW3YIDIC6yJQgTnxwKKSGuskSeFJaBB8T+Gx193L/ONLNFYG+oh6IbZ9ONfyTAqgVOqUFuNW/kjsqQiTlg90IUDFO0lHb7tJp7Tslt0c/C+p9Mlybf7wXd7uPh90Sm+t00BEPmoSCqxtVtyQ2jEYkkJhUmxFFkMQXTjHZko1+GjbcZ4g4SuRBQp4iIZLxXMRv2/E4Fvb8710Mstpf3uZ+J/XjOhssx1LHUaEWmSHSCrMD1lhZNoP8lNpkAiy5Mil5gIMEKGRHIRIxSgtrJj3sZVh/ev3f0ljrVyplquHaTG77BMFtsCW2CqrsA1WY/vsgNWZYFfsht2xe+faeXAenafP0QGnvzPHfsB5+QBprKHj</latexit>

Calculable in EFT 
(e.g at tree-level          , the energy coefficients in EFT)     

<latexit sha1_base64="kHB5Ax7H/oRj6O5Alr9MUSUuiLE=">AAACBnicbVA9TwJBEN3DL8Qv0NJmIzGxIneGRBsT1MYSExESIGRuGXDD3t5ld05DLtT+ClutLI2tf8PC/+IdUij4qpf3ZjJvnh8pacl1P53c0vLK6lp+vbCxubW9Uyzt3towNgIbIlShaflgUUmNDZKksBUZhMBX2PRHl5nfvEdjZahvaBxhN4ChlgMpgFKpVyx1AqA7ASo5n/T0meilWtmtuFPwReLNSJnNUO8Vvzr9UMQBahIKrG17bkTdBAxJoXBS6MQWIxAjGGI7pRoCtN1kGn3CD2MLFPIIDZeKT0X8vZFAYO048NPJLKid9zLxP68d0+C0m0gdxYRaZIdIKpwessLItBPkfWmQCLLkyKXmAgwQoZEchEjFOC2pkPbhzX+/SJrHFa9a8bzrarl2Masmz/bZATtiHjthNXbF6qzBBHtgT+yZvTiPzqvz5rz/jOac2c4e+wPn4xvNmpi8</latexit>

An = cn

= any energy within EFTs̄
<latexit sha1_base64="CCzdnrOfe2sNtDzsB89x4KCDdQw=">AAAB+HicbVDLSgNBEJz17fqKevQyGARPYSaK0YMY9OJRwUQhCdI7tjo6+2CmV9CQf/CqJ8GDePUn/ATx4L+4uwo+61RUddPVFSRGOxLi1evrHxgcGh4Z9cfGJyanStMzTRenVmFDxSa2BwE4NDrCBmkyeJBYhDAwuB+cb+X+/gVap+Nojy4T7IRwEuljrYAyqdkOwHJ3WCqLSk1KWVvmGakKIdZyIleqcoXLiihQ3nj215P7F3/nsPTWPopVGmJEyoBzLSkS6nTBklYGe347dZiAOocTbGU0ghBdp1uk7fGF1AHFPEHLteGFiN83uhA6dxkG2WQIdOp+e7n4n9dK6Xi109VRkhJGKj9E2mBxyCmrsxqQH2mLRJAnR64jrsACEVrNQalMTLNe/KKPtRxf3/8lzWpFLlWWdkW5vsk+MMLm2DxbZJLVWJ1tsx3WYIqdsWt2w269K+/Oe/AeP0b7vM+dWfYD3tM72IGXEQ==</latexit>

(n � 2)
<latexit sha1_base64="MsBNL0cyI36Lyc8JgWQmFTaNoo4=">AAACCnicbVC7SgNBFJ2NrxhfUcHGZjAIESFsEvDRBW0sI5hEyIYwO7nGIbOz68xdIaz5A0u/wFYrO7H1J1L4L+5ugvg61eGce+fcOW4ghUHbHluZmdm5+YXsYm5peWV1Lb++0TR+qDk0uC99fekyA1IoaKBACZeBBua5Elru4DTxW7egjfDVBQ4D6Hisr8SV4AxjqZvfctI3IleGMKJF5fThhlb2uvmCXbJT0L+kPCWF2o6z/zCuDevd/IfT83nogUIumTHtsh1gJ2IaBZcwyjmhgYDxAetDO6aKeWA6UZo9oruhYejTADQVkqYifN+ImGfM0HPjSY/htfntJeJ/XjvEq6NOJFQQIiieBKGQkAYZrkVcDNCe0IDIksuBCkU50wwRtKCM81gM46ZyaR/HCQ6+fv+XNCulcrVUPY+LOSETZMk22SFFUiaHpEbOSJ00CCd35JE8kWfr3nqxXq23yWjGmu5skh+w3j8BTdidMw==</latexit>

(n � 2)
<latexit sha1_base64="xgQSe0bjhAw4ZKdPlOj8oNRqa08=">AAACCXicbVC7SgNBFJ2NrxhfUbGyGRKEiBA2Cj66oI1lBPOAbAizk5s4ODu7ztwVwpIvsPUHbLWyE1u/IoX/4u4miBpPdTjn3jl3jhtIYdC2x1Zmbn5hcSm7nFtZXVvfyG9uNYwfag517ktft1xmQAoFdRQooRVoYJ4roeneXiR+8x60Eb66xmEAHY8NlOgLzjCWuvkdJ30j0tAb0ZJyBnBHD/e7+aJdtlPQWVKZkmK14Bw8jqvDWjf/6fR8HnqgkEtmTLtiB9iJmEbBJYxyTmggYPyWDaAdU8U8MJ0ojR7RvdAw9GkAmgpJUxF+bkTMM2boufGkx/DG/PUS8T+vHWL/tBMJFYQIiidBKCSkQYZrEfcCtCc0ILLkcqBCUc40QwQtKOM8FsO4qFzax1mC4+/fz5LGYblyVD66ios5JxNkyS4pkBKpkBNSJZekRuqEk4g8kWfyYj1Yr9ab9T4ZzVjTnW3yC9bHF3XhnLw=</latexit>An > 0

<latexit sha1_base64="FTKmGSGGvmDV0jxNen0yt7MYx3Q=">AAACEHicbVC7SgNBFJ31GeMrKthoMSiCVdgo+GgkxsYyAaNCEsLdyVUHZ2eXmbtCWLbxE/wKGwut7ESw8g8s9FvcXUV8nepwzr1zzxwvVNKS6744A4NDwyOjhbHi+MTk1HRpZvbQBpER2BSBCsyxBxaV1NgkSQqPQ4PgewqPvPO9zD+6QGNloA+oH2LHh1MtT6QASqVuaTFu54/EBntJ2wc6E6Di3aSrd9ykW1p2y24O/pdUPslydb7xJm9qT/Vu6bXdC0TkoyahwNpWxQ2pE4MhKRQmxXZkMQRxDqfYSqkGH20nzgMkfCWyQAEP0XCpeC7i940YfGv7vpdOZjntby8T//NaEZ1sdWKpw4hQi+wQSYX5ISuMTOtB3pMGiSBLjlxqLsAAERrJQYhUjNK+inkf2xk2vn7/lxyulSvr5fVGWkyNfaDAFtgSW2UVtsmqbJ/VWZMJdsmu2S27c66ce+fBefwYHXA+d+bYDzjP746eoWw=</latexit>

Consistency condition for EFTs

Adams,Arkani-Hamed,Dubovsky,

Nicolis,Rattazzi’06,


<latexit sha1_base64="z9he2myAS0u6wCSXs/k1lqGp5A8="></latexit>

An(s̄) ⌘
Z

\s̄

ds

⇡i

A(s)

sn+1
=

2

⇡

Z 1

s̄
ds

ImA(s)

sn+1
> 0Arcs:



More UV-IR Connections

positive

Bellazzini,Elias-Miro,Rattazzi,Riembau,FR’20


Moments
<latexit sha1_base64="4LNga94EEZnsPwg5dm5l2f6fF5E=">AAACB3icbVBNT8JAFNz6ifiFePSykZjghbSGRI9ELx4xESGBQrbLAzdst83uq4E03P0VXvXk0Xj1Z3jwv9jWHhSc02Tmvbx544VSGLTtT2tldW19Y7OwVdze2d3bLx2U70wQaQ4tHshAdzxmQAoFLRQooRNqYL4noe1NrlK//QDaiEDd4iwE12djJUaCM0ykQancEwoHdt8Z9vyoOj2d9hOxYtfsDHSZODmpkBzNQemrNwx45INCLpkxXccO0Y2ZRsElzIu9yEDI+ISNoZtQxXwwbpxln9OTyDAMaAiaCkkzEX5vxMw3ZuZ7yaTP8N4seqn4n9eNcHThxkKFEYLi6SEUErJDhmuRlAJ0KDQgsjQ5UKEoZ5ohghaUcZ6IUdJSMenDWfx+mbTPak695jg39UrjMq+mQI7IMakSh5yTBrkmTdIinEzJE3kmL9aj9Wq9We8/oytWvnNI/sD6+Aag/JiR</latexit>Z 1

0
dµ(x)xn

variables  
change

a
APPLICATION

Sumeet
Showuguideo MM

IMDB.BBSJaathma.gg

Physic is Lee Pavich

Moments appear everywhere in physics…
<latexit sha1_base64="R3UtqEsst0FNMvcV+2eI1J8uEho=">AAAB+3icbVC7TsNAEDyHVwivACXNiQgpNJGNQFBG0FAGiTxQYkXnyyaccmdbd3uIyMpX0EJFh2j5GAr+Bce4gISpRjO72tkJYikMuu6nU1haXlldK66XNja3tnfKu3stE1nNockjGelOwAxIEUITBUroxBqYCiS0g/HVzG8/gDYiCm9xEoOv2CgUQ8EZptLdgPaUpdXH43654tbcDHSReDmpkByNfvmrN4i4VRAil8yYrufG6CdMo+ASpqWeNRAzPmYj6KY0ZAqMn2SBp/TIGoYRjUFTIWkmwu+NhCljJipIJxXDezPvzcT/vK7F4YWfiDC2CCGfHUIhITtkuBZpE0AHQgMimyUHKkLKmWaIoAVlnKeiTasppX14898vktZJzTuruTenlfpl3kyRHJBDUiUeOSd1ck0apEk4UeSJPJMXZ+q8Om/O+89owcl39skfOB/fKJiUCA==</latexit>

dµ(x) = mass distributionse.g. stones

<latexit sha1_base64="z9he2myAS0u6wCSXs/k1lqGp5A8="></latexit>

An(s̄) ⌘
Z

\s̄

ds

⇡i

A(s)

sn+1
=

2

⇡

Z 1

s̄
ds

ImA(s)

sn+1
> 0

n=2: moment of inertia <R2M 

Bounded

What bounds do moments satisfy?

n=0: total mass M (sets units)

n=1: centre of mass <RM 
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<latexit sha1_base64="peZQrGBWU4ihFIIqYVX/PRp8Sx8=">AAACGnicbVC7TsNAEDyHVwivACXNiQhEFdkIBGWAhjJI5CElIVpfNuGU80N3a6TI8h/wCXwFLVR0iJaGgn/BDilIwlSjmV3t7LihkoZs+8vKLSwuLa/kVwtr6xubW8XtnboJIi2wJgIV6KYLBpX0sUaSFDZDjeC5Chvu8CrzGw+ojQz8WxqF2PFg4Mu+FECp1C0etvsaRNz2gO4FqPgi6Trm7jiZUuykWyzZZXsMPk+cCSmxCard4ne7F4jIQ5+EAmNajh1SJwZNUihMCu3IYAhiCANspdQHD00nHv+T8IPIAAU8RM2l4mMR/27E4Bkz8tx0MktpZr1M/M9rRdQ/78TSDyNCX2SHSCocHzJCy7Qo5D2pkQiy5MilzwVoIEItOQiRilHaXCHtw5n9fp7Uj8vOadm+OSlVLifN5Nke22dHzGFnrMKuWZXVmGCP7Jm9sFfryXqz3q2P39GcNdnZZVOwPn8A99OhmA==</latexit>

A1s2

A0

<latexit sha1_base64="RWvuKcO0IFVqC0Rs3r5YLfcY89k=">AAACGnicbVC7TsNAEDyHVwivACXNiQhEFdkRCMoADWWQyENKQrS+bMKJ80N3a6TI8h/wCXwFLVR0iJaGgn/BDilIwlSjmV3t7LihkoZs+8vKLSwuLa/kVwtr6xubW8XtnYYJIi2wLgIV6JYLBpX0sU6SFLZCjeC5Cpvu/WXmNx9QGxn4NzQKsevB0JcDKYBSqVc87Aw0iLjjAd0JUPF50quY20oypdhJr1iyy/YYfJ44E1JiE9R6xe9OPxCRhz4JBca0HTukbgyapFCYFDqRwRDEPQyxnVIfPDTdePxPwg8iAxTwEDWXio9F/LsRg2fMyHPTySylmfUy8T+vHdHgrBtLP4wIfZEdIqlwfMgILdOikPelRiLIkiOXPheggQi15CBEKkZpc4W0D2f2+3nSqJSdk7J9fVyqXkyaybM9ts+OmMNOWZVdsRqrM8Ee2TN7Ya/Wk/VmvVsfv6M5a7Kzy6Zgff4A+XWhmQ==</latexit>

A2s2

A0

…up to 3 arcs…

Bounds    Positive Polynomials
Bellazzini,Elias-Miro,Rattazzi,Riembau,FR’20


Bounds  
on 

Moments
<latexit sha1_base64="vqFfdDMKNUFZJEf4vsGV5lNxfHY="></latexit>Z 1

0
pN (x)dµ(x) > 0 )

NX

i=0

↵iAi > 0

<latexit sha1_base64="8XW3azi1Nr5auTyHFzZDkKhreps="></latexit>

An =

Z 1

0
dµ(x)xn

Bounds  
on 

EFT arcs
<latexit sha1_base64="vqFfdDMKNUFZJEf4vsGV5lNxfHY="></latexit>Z 1

0
pN (x)dµ(x) > 0 )

NX

i=0

↵iAi > 0

Positive polynomials  
in [0,1]

<latexit sha1_base64="+D1qvMC8Sze3ryhVnyKAbRp9Pa0=">AAACE3icbVC7TsNAEDzzJrwClBSciJCgiWwEggYJQUMVBYkAUhKs9bHAirN9ulsjkJWST+AraKGiQ7R8AAX/ghNS8JpqNLOr3ZnIaHLs++/ewODQ8Mjo2HhpYnJqeqY8O3fk0swqbKhUp/YkAoeaEmwwscYTYxHiSONxdLXX9Y+v0TpKk0O+NdiO4SKhc1LAhRSWF01YW7lZ3W65LA5z2vY7p7UWaHMJIcmbUwrLFb/q9yD/kqBPKqKPelj+aJ2lKosxYaXBuWbgG27nYJmUxk6plTk0oK7gApsFTSBG1857QTpyOXPAqTRoJWnZE/H7Rg6xc7dxVEzGwJfut9cV//OaGZ9vtXNKTMaYqO4hJo29Q05ZKhpCeUYWmaH7OUpKpAILzGhJglKFmBWVlYo+gt/p/5KjtWqwUfUP1is7u/1mxsSCWBIrIhCbYkfsi7poCCXuxIN4FE/evffsvXivX6MDXn9nXvyA9/YJvl2doA==</latexit>

pN (x) =
NX

i=0

↵ix
i <latexit sha1_base64="gzoHofuWfxz28R7HD5+7VTLBIdg=">AAAB9HicbVC7TsNAEFzzDOEVoKQ5ESFRRTYCQYUiaCgDIg8psaLzZRNOOT90t44UWfkDWqjoEC3/Q8G/YBsXkDDVaGZXOztepKQh2/60lpZXVtfWSxvlza3tnd3K3n7LhLEW2BShCnXH4waVDLBJkhR2Io3c9xS2vfFN5rcnqI0MgweaRuj6fBTIoRScUun+yu5XqnbNzsEWiVOQKhRo9CtfvUEoYh8DEoob03XsiNyEa5JC4azciw1GXIz5CLspDbiPxk3ypDN2HBtOIYtQM6lYLuLvjYT7xkx9L530OT2aeS8T//O6MQ0v3UQGUUwYiOwQSYX5ISO0TCtANpAaiXiWHJkMmOCaE6GWjAuRinHaSTntw5n/fpG0TmvOec2+O6vWr4tmSnAIR3ACDlxAHW6hAU0QMIQneIYXa2K9Wm/W+8/oklXsHMAfWB/fnXKRhQ==</latexit>

> 0

Wilson coef.<latexit sha1_base64="qEKpNbxljITsn2V9wM0q3ey2jSw=">AAAB9nicdVDLTgJBEJzFF+IL9ehlIjHxtNnlIXAjevGIiTwS2JDZoYEJs4/M9BoJ4Re86smb8ervePBf3F0wUaN1qlR1p6vLDaXQaFnvRmZtfWNzK7ud29nd2z/IHx61dRApDi0eyEB1XaZBCh9aKFBCN1TAPFdCx51eJX7nDpQWgX+LsxAcj419MRKcYSL1tfAG+YJlVmrVWr1MY1KvF60lKV2UqtQ2rRQFskJzkP/oDwMeeeAjl0zrnm2F6MyZQsElLHL9SEPI+JSNoRdTn3mgnXmadUHPIs0woCEoKiRNRfi+MWee1jPPjSc9hhP920vEv7xehKOaMxd+GCH4PDmEQkJ6SHMl4hKADoUCRJYkByp8ypliiKAEZZzHYhS3kov7+Hqa/k/aRdOumNZNudC4XDWTJSfklJwTm1RJg1yTJmkRTibkgTySJ+PeeDZejNflaMZY7RyTHzDePgFoPpM3</latexit>⇠

- linear 
- Always ∞ conditions 

<latexit sha1_base64="SUk4Q51e6LJV9GK+rVMYJsuWlyk="></latexit>

p = q21 + xq22 + (1� x)q23 + x(1� x)q24

Characterisations  
of positive polynomials generic 

polynomials 
of fixed order

<latexit sha1_base64="V0nqczoQsRv1zMEy47FNJouhIm4=">AAAB/nicdVA9SwNBFNyL3/ErammzGAQtPPa8kMRCEG0sFYwJJFH21mdc3Ntbdt9JQhD8FbZa2Ymtf8XC/+IlRlDRqYaZ93jzJjJKOmTszcuNjU9MTk3P5Gfn5hcWC0vLpy5JrYCaSFRiGxF3oKSGGkpU0DAWeBwpqEfXBwO/fgPWyUSfYM9AO+YdLS+l4JhJLbPbPdMbwVZ38yw+LxSZz0phUAoo80MWlquljFQY2wkrNPDZEEUywtF54b11kYg0Bo1CceeaATPY7nOLUii4zbdSB4aLa96BZkY1j8G1+8PMt3Q9dRwTasBSqehQhO8bfR4714ujbDLmeOV+ewPxL6+Z4mW13ZfapAhaDA6hVDA85ISVWRlAL6QFRD5IDlRqKrjliGAl5UJkYpq1k8/6+Hqa/k9Ot/2g7G8fl4p7+6NmpskqWSMbJCAVskcOyRGpEUEMuScP5NG78568Z+/lczTnjXZWyA94rx/nFJWg</latexit>

p = xn(1� x)m

Hankel Matrix 
Must be Positive 

Definite

- Non-Linear (semidefinite) 
- Finite conditions for 

Finite number of arcs 
<latexit sha1_base64="xaNlQ+J7AsknDioWAOOXZLgSbxs="></latexit>

q1 =
NX

�ix
i )

NX
�iAi+j�j > 0

<latexit sha1_base64="v/mueWOYHGlUOnvgiaYzmt+JhEE="></latexit>

p = x ! A1 � 0
<latexit sha1_base64="AHsMgf/J5PxvuEplewZBNhi9hH8="></latexit>

p = x(1� x) ! A1 � s2A1 � 0<latexit sha1_base64="LWBdDdwt6mpMh+2vIa+wN5MUfNY=">AAAB83icdVDLTgJBEJzFF+IL9ehlIjHxtNnFBfRG9OIREnkksCGzQ4MTZh+Z6TUhG77Aq568Ga9+kAf/xQExUaN1qlR1p6srSKTQ6DhvVm5ldW19I79Z2Nre2d0r7h+0dZwqDi0ey1h1A6ZBighaKFBCN1HAwkBCJ5hczf3OHSgt4ugGpwn4IRtHYiQ4QyM1y4NiybGdiuNVK9Sx3bNq7cIzpFIrG05d21mgRJZoDIrv/WHM0xAi5JJp3XOdBP2MKRRcwqzQTzUkjE/YGHqGRiwE7WeLoDN6kmqGMU1AUSHpQoTvGxkLtZ6GgZkMGd7q395c/MvrpTg69zMRJSlCxOeHUEhYHNJcCdMA0KFQgMjmyYGKiHKmGCIoQRnnRkxNJQXTx9fT9H/SLttu1faaXql+uWwmT47IMTklLqmROrkmDdIinAC5Jw/k0UqtJ+vZevkczVnLnUPyA9brB4pjkY4=</latexit>

2



e.g.

Two-Sided Bounds
Bellazzini,Elias-Miro,Rattazzi,Riembau,FR’20


All conditions involving N arcs 
only, written as Hankel Matrices:

4

B. Optimal Bounds for a Finite Set of Arcs

In practice we often focus on a finite number of
arcs. For instance, in a typical EFT only the first
few powers of s are phenomenologically interesting
– at tree-level this corresponds to the first few arcs.
Thus it is natural to ask,

Question 2: Considering only a finite number N of
arcs, what are their optimal constraints?

Here optimal means the projection of all constraints
on the finite set. In the language of the previ-
ous section, we ask: assuming the components of
~a = {ŝ2a0, . . . , ŝ2+2NaN} are moments, what is the
subspace A(N) ⇢ RN on which ~a takes values?

Of course Eq. (10) still holds and, for k+n  N , it
involves only the first N arcs. The constraints with
k + n � N imply however additional conditions on
the subset n  N . In what follows we will show a
simple procedure to extract this information.

Similarly to Question 1 – that implied finding
the most general positive function in [0, 1] – Ques-
tion 2 requires finding a parametrizsation for the
most general polynomial p(x) =

PN
i=1 ↵ixi of finite

degree  N , positive in x 2 [0, 1]. Indeed, via Eq. (7),
each such p(x) leads to a condition on arcs,

Z 1

0
p(x)dµ(x) > 0 )

NX

i=0

↵iai > 0 . (12)

One can prove that any such polynomial can be writ-
ten as [30],

p =
X

J

q2
J,1|{z}

type-1

+ xq2
J,2| {z }

type-2

+ (1 � x)q2
J,3| {z }

type-3

+ x(1 � x)q2
J,4| {z }

type-4

(13)
where qJ,k(x)’s are non-zero real polynomials – not
necessarily positive – such that p(x) is degree N ,
i.e. qJ,k has at most degree dk, with d1 = bN/2c,
d2 = d3 = b(N � 1)/2c and d4 = b(N � 2)/2c,
where bkc is the integer part of k � 0. Since Eq. (13)
is a sum over positive terms, it is su�cient to dis-
cuss them individually. Therefore we drop the index
J and consider one by one generic polynomials qk of
each type-k in Eq. (13),

qk(x) =
dkX

j=0

↵kjx
j (14)

with arbitrary real coe�cients ↵kj .
We define the Hankel matrix (H`

N )ij = ai+j+`, for
i, j = 0, . . . , b(N �`)/2c, so that H`

N involves arcs up

to aN for N � ` even and aN�1 for N � ` odd. For
instance,

H0
4 = H0

5 ⌘

0

@
a0 a1 a2

a1 a2 a3

a2 a3 a4

1

A . (15)

Now, polynomials of type-1 imply,

Z 1

0
q1(x)2dµ(x) = ŝ2

bN/2cX

i,j=0

ŝ2(i+j)↵1i ai+j ↵1j > 0 .

Since the vector {↵10, ↵11ŝ2, ↵12ŝ4, . . . ↵1,N/2ŝ
N} is

arbitrary, the following Hankel matrix must be posi-
tive definite,

H0
N � 0 . (16)

Following similar steps one finds that the positiveness
of

R 1
0 xq2

2(x)dµ(x) > 0,
R 1
0 (1 � x)q2

3(x)dµ(x) > 0 andR 1
0 x(1 � x)q2

4(x)dµ(x) > 0 imply,

H1
N � 0 , (17)

H0
N�1 � ŝ2H1

N � 0 , (18)

H1
N�1 � ŝ2H2

N � 0 , (19)

respectively. We refer to Eqs. (16-17) as homogeneous
and Eqs. (18,19) as inhomogeneous constraints.

Since (13) is an arbitrary positive polynomial for
x 2 [0, 1], Eqs. (16-19) represent the optimal con-
straints, providing an answer to Question 2. For
instance, Eqs. (16-19) with N = 2 define the A(2)
region:

✓
a0 a1

a1 a2

◆
� 0 , a1 > 0 , a0 > ŝ2a1 , a1 > ŝ2a2 .

(20)
This is illustrated by the left panel of Fig. 2. The
first constraint in (20) implies a0a2 > a2

1, and is sat-
urated by the lowest parabola in Fig. 2; the fourth
constraint in (20) is saturated by the upper line, the
other constraints imply that the coordinates lie in
the interval [0, 1].

Similarly, evaluating Eqs. (16-19) for N = 3, we
find A(3):
✓

a0 a1

a1 a2

◆
� 0 ,

✓
a0 � a1ŝ2 a1 � a2ŝ2

a1 � a2ŝ2 a2 � a3ŝ2

◆
� 0 ,

✓
a1 a2

a2 a3

◆
� 0 , a1 > ŝ2a2 , (21)

which we illustrate in the right panel of Fig. 2.
Eqs. (16-19) capture how the full constraint on the

arc sequence is projected on the first N arcs. Of
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Thus it is natural to ask,
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J and consider one by one generic polynomials qk of
each type-k in Eq. (13),
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N} is

arbitrary, the following Hankel matrix must be posi-
tive definite,

H0
N � 0 . (16)

Following similar steps one finds that the positiveness
of

R 1
0 xq2

2(x)dµ(x) > 0,
R 1
0 (1 � x)q2

3(x)dµ(x) > 0 andR 1
0 x(1 � x)q2

4(x)dµ(x) > 0 imply,

H1
N � 0 , (17)

H0
N�1 � ŝ2H1

N � 0 , (18)

H1
N�1 � ŝ2H2

N � 0 , (19)

respectively. We refer to Eqs. (16-17) as homogeneous
and Eqs. (18,19) as inhomogeneous constraints.

Since (13) is an arbitrary positive polynomial for
x 2 [0, 1], Eqs. (16-19) represent the optimal con-
straints, providing an answer to Question 2. For
instance, Eqs. (16-19) with N = 2 define the A(2)
region:

✓
a0 a1

a1 a2

◆
� 0 , a1 > 0 , a0 > ŝ2a1 , a1 > ŝ2a2 .

(20)
This is illustrated by the left panel of Fig. 2. The
first constraint in (20) implies a0a2 > a2

1, and is sat-
urated by the lowest parabola in Fig. 2; the fourth
constraint in (20) is saturated by the upper line, the
other constraints imply that the coordinates lie in
the interval [0, 1].

Similarly, evaluating Eqs. (16-19) for N = 3, we
find A(3):
✓

a0 a1

a1 a2

◆
� 0 ,

✓
a0 � a1ŝ2 a1 � a2ŝ2

a1 � a2ŝ2 a2 � a3ŝ2

◆
� 0 ,

✓
a1 a2

a2 a3

◆
� 0 , a1 > ŝ2a2 , (21)

which we illustrate in the right panel of Fig. 2.
Eqs. (16-19) capture how the full constraint on the

arc sequence is projected on the first N arcs. Of

<latexit sha1_base64="xaUWzHF8EQDRlv0R93cC6eRhU3o="></latexit>

H
0
4 ⌘

0

@
A0 A1 A2

A1 A2 A3

A2 A3 A4

1

A

…up to 4 arcs…

<latexit sha1_base64="yWKMFZBeNWwZQu94DhkBEnr1ubM=">AAACGnicbVC7TsNAEDyHVwgvAyXNiQhEFdm8ywANZZDIQ0pCtL5swonzQ3drJGT5D/gEvoIWKjpES0PBv2CHFECYajSzq50dL1LSkON8WIWp6ZnZueJ8aWFxaXnFXl1rmDDWAusiVKFueWBQyQDrJElhK9IIvqew6d2c5X7zFrWRYXBJdxF2fRgGciAFUCb17O3OQINIOj7QtQCVnKS9PXN1mP5SnLRnl52KMwKfJO6YlNkYtZ792emHIvYxIKHAmLbrRNRNQJMUCtNSJzYYgbiBIbYzGoCPppuM/kn5VmyAQh6h5lLxkYg/NxLwjbnzvWwyT2n+ern4n9eOaXDcTWQQxYSByA+RVDg6ZISWWVHI+1IjEeTJkcuAC9BAhFpyECIT46y5UtaH+/f7SdLYrbgHFediv1w9HTdTZBtsk+0wlx2xKjtnNVZngt2zR/bEnq0H68V6td6+RwvWeGed/YL1/gUBoqGe</latexit>

A3s6

A0

<latexit sha1_base64="RWvuKcO0IFVqC0Rs3r5YLfcY89k=">AAACGnicbVC7TsNAEDyHVwivACXNiQhEFdkRCMoADWWQyENKQrS+bMKJ80N3a6TI8h/wCXwFLVR0iJaGgn/BDilIwlSjmV3t7LihkoZs+8vKLSwuLa/kVwtr6xubW8XtnYYJIi2wLgIV6JYLBpX0sU6SFLZCjeC5Cpvu/WXmNx9QGxn4NzQKsevB0JcDKYBSqVc87Aw0iLjjAd0JUPF50quY20oypdhJr1iyy/YYfJ44E1JiE9R6xe9OPxCRhz4JBca0HTukbgyapFCYFDqRwRDEPQyxnVIfPDTdePxPwg8iAxTwEDWXio9F/LsRg2fMyHPTySylmfUy8T+vHdHgrBtLP4wIfZEdIqlwfMgILdOikPelRiLIkiOXPheggQi15CBEKkZpc4W0D2f2+3nSqJSdk7J9fVyqXkyaybM9ts+OmMNOWZVdsRqrM8Ee2TN7Ya/Wk/VmvVsfv6M5a7Kzy6Zgff4A+XWhmQ==</latexit>

A2s2

A0

<latexit sha1_base64="peZQrGBWU4ihFIIqYVX/PRp8Sx8=">AAACGnicbVC7TsNAEDyHVwivACXNiQhEFdkIBGWAhjJI5CElIVpfNuGU80N3a6TI8h/wCXwFLVR0iJaGgn/BDilIwlSjmV3t7LihkoZs+8vKLSwuLa/kVwtr6xubW8XtnboJIi2wJgIV6KYLBpX0sUaSFDZDjeC5Chvu8CrzGw+ojQz8WxqF2PFg4Mu+FECp1C0etvsaRNz2gO4FqPgi6Trm7jiZUuykWyzZZXsMPk+cCSmxCard4ne7F4jIQ5+EAmNajh1SJwZNUihMCu3IYAhiCANspdQHD00nHv+T8IPIAAU8RM2l4mMR/27E4Bkz8tx0MktpZr1M/M9rRdQ/78TSDyNCX2SHSCocHzJCy7Qo5D2pkQiy5MilzwVoIEItOQiRilHaXCHtw5n9fp7Uj8vOadm+OSlVLifN5Nke22dHzGFnrMKuWZXVmGCP7Jm9sFfryXqz3q2P39GcNdnZZVOwPn8A99OhmA==</latexit>

A1s2

A0

��� ��� ��� ��� ��� ���
���

���

���

���

���

���

…up to 3 arcs…

<latexit sha1_base64="peZQrGBWU4ihFIIqYVX/PRp8Sx8=">AAACGnicbVC7TsNAEDyHVwivACXNiQhEFdkIBGWAhjJI5CElIVpfNuGU80N3a6TI8h/wCXwFLVR0iJaGgn/BDilIwlSjmV3t7LihkoZs+8vKLSwuLa/kVwtr6xubW8XtnboJIi2wJgIV6KYLBpX0sUaSFDZDjeC5Chvu8CrzGw+ojQz8WxqF2PFg4Mu+FECp1C0etvsaRNz2gO4FqPgi6Trm7jiZUuykWyzZZXsMPk+cCSmxCard4ne7F4jIQ5+EAmNajh1SJwZNUihMCu3IYAhiCANspdQHD00nHv+T8IPIAAU8RM2l4mMR/27E4Bkz8tx0MktpZr1M/M9rRdQ/78TSDyNCX2SHSCocHzJCy7Qo5D2pkQiy5MilzwVoIEItOQiRilHaXCHtw5n9fp7Uj8vOadm+OSlVLifN5Nke22dHzGFnrMKuWZXVmGCP7Jm9sFfryXqz3q2P39GcNdnZZVOwPn8A99OhmA==</latexit>

A1s2

A0

<latexit sha1_base64="RWvuKcO0IFVqC0Rs3r5YLfcY89k=">AAACGnicbVC7TsNAEDyHVwivACXNiQhEFdkRCMoADWWQyENKQrS+bMKJ80N3a6TI8h/wCXwFLVR0iJaGgn/BDilIwlSjmV3t7LihkoZs+8vKLSwuLa/kVwtr6xubW8XtnYYJIi2wLgIV6JYLBpX0sU6SFLZCjeC5Cpvu/WXmNx9QGxn4NzQKsevB0JcDKYBSqVc87Aw0iLjjAd0JUPF50quY20oypdhJr1iyy/YYfJ44E1JiE9R6xe9OPxCRhz4JBca0HTukbgyapFCYFDqRwRDEPQyxnVIfPDTdePxPwg8iAxTwEDWXio9F/LsRg2fMyHPTySylmfUy8T+vHdHgrBtLP4wIfZEdIqlwfMgILdOikPelRiLIkiOXPheggQi15CBEKkZpc4W0D2f2+3nSqJSdk7J9fVyqXkyaybM9ts+OmMNOWZVdsRqrM8Ee2TN7Ya/Wk/VmvVsfv6M5a7Kzy6Zgff4A+XWhmQ==</latexit>

A2s2

A0

<latexit sha1_base64="18v7h/u0zCKyBvqYayHqC5vrtKc=">AAACE3icdVDLSgNBEJz1GeMr6tGDg0HwFHbzMMlFfFw8KhgVkhh6x04cMvtgplcIS45+gl/hVU/exKsf4MF/cTdGUNE6FVXddHW5oZKGbPvNmpicmp6Zzcxl5xcWl5ZzK6tnJoi0wIYIVKAvXDCopI8NkqTwItQInqvw3O0fpv75DWojA/+UBiG2Pej5sisFUCJ1chstD+hagIr3hx1711wW+XfF6eTydqFSq9bqZZ6Qer1of5LSTqnKnYI9Qp6NcdzJvbeuAhF56JNQYEzTsUNqx6BJCoXDbCsyGILoQw+bCfXBQ9OOR48M+VZkgAIeouZS8ZGI3zdi8IwZeG4ymYY0v71U/MtrRtSttWPphxGhL9JDJBWODhmhZdIQ8iupkQjS5MilzwVoIEItOQiRiFFSWTbp4+tp/j85KxacSsE+Kef3DsbNZNg622TbzGFVtseO2DFrMMFu2T17YI/WnfVkPVsvn6MT1nhnjf2A9foBn22eLw==</latexit>

A0 > s2A1

<latexit sha1_base64="o/CBru3EWdInQcVzlNolj3wNHsU=">AAACE3icdVDLSgNBEJz1GeMr6tGDg0HwFHbzMMlFfFw8KpgYSGLoHVsdMvtgplcIS45+gl/hVU/exKsf4MF/cTdGUNE6FVXddHW5oZKGbPvNmpicmp6Zzcxl5xcWl5ZzK6tNE0RaYEMEKtAtFwwq6WODJClshRrBcxWeuf3D1D+7QW1k4J/SIMSuB1e+vJQCKJF6uY2OB3QtQMX7w56za86L/LtS7OXydqFSq9bqZZ6Qer1of5LSTqnKnYI9Qp6NcdzLvXcuAhF56JNQYEzbsUPqxqBJCoXDbCcyGILowxW2E+qDh6Ybjx4Z8q3IAAU8RM2l4iMRv2/E4Bkz8NxkMg1pfnup+JfXjuiy1o2lH0aEvkgPkVQ4OmSElklDyC+kRiJIkyOXPheggQi15CBEIkZJZdmkj6+n+f+kWSw4lYJ9Us7vHYybybB1tsm2mcOqbI8dsWPWYILdsnv2wB6tO+vJerZePkcnrPHOGvsB6/UDop2eMQ==</latexit>

A1 > s2A2

<latexit sha1_base64="57k6G0SO/ihp//vHM/y9MNCz+Bg="></latexit>

A2
1 < A2A0

s: any energy within EFT

Any moment two-sided bounded in terms of     and 
<latexit sha1_base64="qaIdWy1r5e6cCgtZalcl/cBDYro=">AAAB/3icdVC7TsNAEDzzDOEVoKQ5ESFRWecQSNLxaCiDRAApsaL1scCJ84O7NRKyUvAVtFDRIVo+hYJ/wQ5BAgRTjWZ2tbMTJFpZEuLNGRufmJyaLs2UZ+fmFxYrS8vHNk6NxI6MdWxOA7CoVYQdUqTxNDEIYaDxJLjaL/yTGzRWxdER3Sboh3ARqXMlgXLJ74VAlxJ0tjvoi36lKtxWc3urucmF69Vaou4VpL7VqAnuuWKIKhuh3a+8985imYYYkdRgbdcTCfkZGFJS46DcSy0mIK/gArs5jSBE62fD0AO+nlqgmCdouNJ8KOL3jQxCa2/DIJ8sQtrfXiH+5XVTOm/6mYqSlDCSxSFSGoeHrDQqbwP5mTJIBEVy5CriEgwQoVEcpMzFNK+nnPfx9TT/nxzXXG/brR3Wqzt7o2ZKbJWtsQ3msQbbYQeszTpMsmt2zx7Yo3PnPDnPzsvn6Jgz2llhP+C8fgDhtpbR</latexit>

A0
<latexit sha1_base64="TNCvVTxMWWbWHG3H0sRaw/M9Ik4=">AAAB+HicdVC7TsNAEDyHd3gFKGlOREhUlh3y7BA0lCCRgJRY0fqykIPzQ3drpBDlH2ihokO0/A0F/4JtggQIphrN7Gpnx4+VNOQ4b1ZhZnZufmFxqbi8srq2XtrY7Jgo0QLbIlKRvvDBoJIhtkmSwotYIwS+wnP/5ijzz29RGxmFZzSK0QvgKpSXUgClUqc3BOKmXyo7dqtZrzX3uWO7lZZTdTNSrTUqDndtJ0eZTXHSL733BpFIAgxJKDCm6zoxeWPQJIXCSbGXGIxB3MAVdlMaQoDGG+dpJ3w3MUARj1FzqXgu4veNMQTGjAI/nQyAhua3l4l/ed2ELpveWIZxQhiK7BBJhfkhI7RMa0A+kBqJIEuOXIZcgAYi1JKDEKmYpL0U0z6+nub/k07Fdut25bRaPjicNrPIttkO22Mua7ADdsxOWJsJds3u2QN7tO6sJ+vZevkcLVjTnS32A9brB19/k7k=</latexit>

ŝ



1.   UV  ➙  IR

What are arcs in the IR EFT?
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<latexit sha1_base64="c4lDx6NnS9hLInuxtxHE8Ozk8Hk=">AAACDHicbVDLSgNBEJyNrxhfUS+Cl8EgCELYDYpehKgXjxHMA5Kw9E46ccjsg5leISzxE/wKr3ryJl79Bw/+i7sxB43WqajqpqvLi5Q0ZNsfVm5ufmFxKb9cWFldW98obm41TBhrgXURqlC3PDCoZIB1kqSwFWkE31PY9IaXmd+8Q21kGNzQKMKuD4NA9qUASiW3uNPxgW4FqOR87Npnwq0cdkQvJOMWS3bZnoD/Jc6UlNgUNbf42emFIvYxIKHAmLZjR9RNQJMUCseFTmwwAjGEAbZTGoCPpptMPhjz/dgAhTxCzaXiExF/biTgGzPyvXQyy2tmvUz8z2vH1D/tJjKIYsJAZIdIKpwcMkLLtBrkPamRCLLkyGXABWggQi05CJGKcdpVIe3Dmf3+L2lUys5x2b4+KlUvps3k2S7bYwfMYSesyq5YjdWZYPfskT2xZ+vBerFerbfv0Zw13dlmv2C9fwHDdJr3</latexit>

A0 = c2 + · · ·

<latexit sha1_base64="PSchXT9987SKrysydsFdlyc39OA=">AAACAHicbVDLSsNAFJ3UV62vqks3g0UQhJJIqS6LblxWsA9o0zKZ3tahk0mYuRFK6MavcKsrd+LWP3Hhv5jELLT1rA7n3Ms993ihFAZt+9MqrKyurW8UN0tb2zu7e+X9g7YJIs2hxQMZ6K7HDEihoIUCJXRDDcz3JHS86XXqdx5AGxGoO5yF4PpsosRYcIaJNODDOjWD+lmfjwI0w3LFrtoZ6DJxclIhOZrD8ld/FPDIB4VcMmN6jh2iGzONgkuYl/qRgZDxKZtAL6GK+WDcOEs9pyeRYRjQEDQVkmYi/N6ImW/MzPeSSZ/hvVn0UvE/rxfh+NKNhQojBMXTQygkZIcM1yKpA+hIaEBkaXKgQlHONEMELSjjPBGjpJ9S0oez+P0yaZ9XnXq1dlurNK7yZorkiByTU+KQC9IgN6RJWoQTTZ7IM3mxHq1X6816/xktWPnOIfkD6+MbN/yWVw==</latexit>

c6s
6 + · · ·

<latexit sha1_base64="wQWHr7Tp5Vux7ixX8jPHSSpDWD0=">AAACC3icbVDLSgNBEJyNrxhfUQ8evAwGIRIIu2FRL0LUi8cI5gHJZpmddOKQ2QczvUII+QS/wquevIlXP8KD/+JuzEET69JFVTfdXV4khUbT/DQyS8srq2vZ9dzG5tb2Tn53r6HDWHGo81CGquUxDVIEUEeBElqRAuZ7Epre8Dr1mw+gtAiDOxxF4PhsEIi+4AwTyc0fXBb1yQV3zRJ3K7pbSYqtu3bJzRfMsjkFXSTWjBTIDDU3/9XphTz2IUAumdZty4zQGTOFgkuY5DqxhojxIRtAO6EB80E74+kDE3oca4YhjUBRIelUhN8TY+ZrPfK9pNNneK/nvVT8z2vH2D93xiKIYoSAp4tQSJgu0lyJJBmgPaEAkaWXAxUB5UwxRFCCMs4TMU6iyiV5WPPfL5JGpWydlu1bu1C9miWTJYfkiBSJRc5IldyQGqkTTibkiTyTF+PReDXejPef1owxm9knf2B8fAMeMJjG</latexit>

A(s) = c0 + c2s
2 + c4s

4+ <latexit sha1_base64="LXHpUzn4wbjFihXxfHpi8URnOL8=">AAACCXicbVDLSgNBEJyNrxhfq+LJy2AQImLYlaAeg148RjAPSGLonXTikNkHM71CWPIFfoVXPXkTr36FB//FTcxBE+tUVHXT1eVFShpynE8rs7C4tLySXc2trW9sbtnbOzUTxlpgVYQq1A0PDCoZYJUkKWxEGsH3FNa9wdXYrz+gNjIMbmkYYduHfiB7UgClUsfea3lI0Clxc1dqqbBfOJHm6Lhj552iMwGfJ+6U5NkUlY791eqGIvYxIKHAmKbrRNROQJMUCke5VmwwAjGAPjZTGoCPpp1M4o/4YWyAQh6h5lLxiYi/NxLwjRn6XjrpA92bWW8s/uc1Y+pdtBMZRDFhIMaHSCqcHDJCy7QX5F2pkQjGyZHLgAvQQIRachAiFeO0qFzahzv7/TypnRbds2LpppQvX06bybJ9dsAKzGXnrMyuWYVVmWAJe2LP7MV6tF6tN+v9ZzRjTXd22R9YH98Yspje</latexit>

�4s
4 log(�is)+

IR arcs

EFT amplitude (forward)

Arcs
<latexit sha1_base64="txLpxxG8y2YDhSB+L2bIkmKICZA="></latexit>

An ⌘
Z

\ŝ

ds

⇡i

A(s)

s2n+3

<latexit sha1_base64="8xmhdkYsf8T8hJVLnTWLcv5trz8=">AAAB+nicbVC7TsNAEFyHVwivACXNiQiJKrKjCCgjaCiDRB5SYqLzZRNOOT90t0aKTH6CFio6RMvPUPAvOMYFJEw1mtnVzo4XKWnItj+twsrq2vpGcbO0tb2zu1feP2ibMNYCWyJUoe563KCSAbZIksJupJH7nsKON7ma+50H1EaGwS1NI3R9Pg7kSApOqdQVgxozdzU2KFfsqp2BLRMnJxXI0RyUv/rDUMQ+BiQUN6bn2BG5CdckhcJZqR8bjLiY8DH2UhpwH42bZHln7CQ2nEIWoWZSsUzE3xsJ942Z+l466XO6N4veXPzP68U0unATGUQxYSDmh0gqzA4ZoWVaBLKh1EjE58mRyYAJrjkRasm4EKkYp82U0j6cxe+XSbtWdc6q9Zt6pXGZN1OEIziGU3DgHBpwDU1ogQAFT/AML9aj9Wq9We8/owUr3zmEP7A+vgFNx5OP</latexit>

c2s
2

Coupling 

 

IE

I

 

IE

I
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Weak Coupling:            , all    couplings captured by arcs

<latexit sha1_base64="yMlCBMIFBIIh3QPdi6+uIWZXBNg=">AAACAHicbVC7TsNAEDyHVwivACXNiQiJKrJRBDRIARrKIJGHlJhofdmEU84P3a2RIisNX0ELFR2i5U8o+BdskwICU41mdrWz40VKGrLtD6uwsLi0vFJcLa2tb2xulbd3WiaMtcCmCFWoOx4YVDLAJklS2Ik0gu8pbHvjy8xv36M2MgxuaBKh68MokEMpgFLptucD3QlQyfm075z1yxW7aufgf4kzIxU2Q6Nf/uwNQhH7GJBQYEzXsSNyE9AkhcJpqRcbjECMYYTdlAbgo3GTPPWUH8QGKOQRai4Vz0X8uZGAb8zE99LJLKWZ9zLxP68b0/DUTWQQxYSByA6RVJgfMkLLtA7kA6mRCLLkyGXABWggQi05CJGKcdpPKe3Dmf/+L2kdVZ3jau26VqlfzJopsj22zw6Zw05YnV2xBmsywTR7ZE/s2XqwXqxX6+17tGDNdnbZL1jvX/x0ltA=</latexit>

A1 =
<latexit sha1_base64="CzUFpv89gPKPVvclkSFNJdugGWA=">AAACAHicbVC7TgJBFJ3FF+ILtbSZSEysyC4hamOC2lhiIo8EkNwdLjhh9pGZuyZkQ+NX2GplZ2z9Ewv/xd2VQsFTnZxzb+65xw2VNGTbn1ZuaXlldS2/XtjY3NreKe7uNU0QaYENEahAt10wqKSPDZKksB1qBM9V2HLHV6nfekBtZODf0iTEngcjXw6lAEqku64HdC9AxRfTfuW8XyzZZTsDXyTOjJTYDPV+8as7CETkoU9CgTEdxw6pF4MmKRROC93IYAhiDCPsJNQHD00vzlJP+VFkgAIeouZS8UzE3xsxeMZMPDeZTFOaeS8V//M6EQ3PerH0w4jQF+khkgqzQ0ZomdSBfCA1EkGaHLn0uQANRKglByESMUr6KSR9OPPfL5JmpeyclKs31VLtctZMnh2wQ3bMHHbKauya1VmDCabZE3tmL9aj9Wq9We8/ozlrtrPP/sD6+Ab+BJbR</latexit>

A2 =

<latexit sha1_base64="9UhBkGqISIemFACw0VOVUnqqgCg=">AAAB9XicbVC7TsNAEDzzDOEVoKQ5ESFRRTaKgDKChjII8pASK1pfNuGU80N3a1Bk5RNooaJDtHwPBf+CbVxAwlSjmV3t7HiRkoZs+9NaWl5ZXVsvbZQ3t7Z3dit7+20TxlpgS4Qq1F0PDCoZYIskKexGGsH3FHa8yVXmdx5QGxkGdzSN0PVhHMiRFECpdCsG9UGlatfsHHyROAWpsgLNQeWrPwxF7GNAQoExPceOyE1AkxQKZ+V+bDACMYEx9lIagI/GTfKoM34cG6CQR6i5VDwX8fdGAr4xU99LJ32gezPvZeJ/Xi+m0YWbyCCKCQORHSKpMD9khJZpB8iHUiMRZMmRy4AL0ECEWnIQIhXjtJRy2ocz//0iaZ/WnLNa/aZebVwWzZTYITtiJ8xh56zBrlmTtZhgY/bEntmL9Wi9Wm/W+8/oklXsHLA/sD6+AZjtkhw=</latexit>c4

<latexit sha1_base64="u8qhkh4YF+tuPn8Z60EguhMNcCk=">AAAB9XicbVC7TsNAEFyHVwivACXNiQiJKrJRFCgjaCiDIA8piaLzZRNOOT90twZFVj6BFio6RMv3UPAv2MYFJEw1mtnVzo4bKmnItj+twsrq2vpGcbO0tb2zu1feP2ibINICWyJQge663KCSPrZIksJuqJF7rsKOO71K/c4DaiMD/45mIQ48PvHlWApOiXQrhvVhuWJX7QxsmTg5qUCO5rD81R8FIvLQJ6G4MT3HDmkQc01SKJyX+pHBkIspn2AvoT730AziLOqcnUSGU8BC1Ewqlon4eyPmnjEzz00mPU73ZtFLxf+8XkTji0Es/TAi9EV6iKTC7JARWiYdIBtJjUQ8TY5M+kxwzYlQS8aFSMQoKaWU9OEsfr9M2mdVp16t3dQqjcu8mSIcwTGcggPn0IBraEILBEzgCZ7hxXq0Xq036/1ntGDlO4fwB9bHN5wLkh4=</latexit>c6
<latexit sha1_base64="nhtl0IXAfnDYJNUBMX8r8o5KrF8="></latexit>

An ⌘
Z

\s̄

ds

⇡i

A(s, t)

s2n+3
= c2n+2

<latexit sha1_base64="nhtl0IXAfnDYJNUBMX8r8o5KrF8="></latexit>

An ⌘
Z

\s̄

ds

⇡i

A(s, t)

s2n+3
= c2n+2

<latexit sha1_base64="jBnN4Voi4yFRSzXq5sAisL//tEM=">AAAB/XicbVC7TsNAEDyHVwivACXNiQiJKrIRAsoIGgqKIJGHlFjR+rIJp5wfulsjRVbEV9BCRYdo+RYK/gXbuICEqUYzu9rZ8SIlDdn2p1VaWl5ZXSuvVzY2t7Z3qrt7bRPGWmBLhCrUXQ8MKhlgiyQp7EYawfcUdrzJVeZ3HlAbGQZ3NI3Q9WEcyJEUQKnU6/tA9wJUcjMbVGt23c7BF4lTkBor0BxUv/rDUMQ+BiQUGNNz7IjcBDRJoXBW6ccGIxATGGMvpQH4aNwkjzzjR7EBCnmEmkvFcxF/byTgGzP1vXQyi2jmvUz8z+vFNLpwExlEMWEgskMkFeaHjNAy7QL5UGokgiw5chlwARqIUEsOQqRinJZTSftw5r9fJO2TunNWP709rTUui2bK7IAdsmPmsHPWYNesyVpMsJA9sWf2Yj1ar9ab9f4zWrKKnX32B9bHN1DHlfA=</latexit>

L

<latexit sha1_base64="o+oiR5/5Mu3jZ81kaecI4PkJKDU=">AAACAHicbVC7TsNAEDyHVwivACXNiQiJKrJRBDRIARrKIJGHlJhofdmEU84P3a2RIisNX0ELFR2i5U8o+BdskwICU41mdrWz40VKGrLtD6uwsLi0vFJcLa2tb2xulbd3WiaMtcCmCFWoOx4YVDLAJklS2Ik0gu8pbHvjy8xv36M2MgxuaBKh68MokEMpgFLptucD3QlQyfm0b5/1yxW7aufgf4kzIxU2Q6Nf/uwNQhH7GJBQYEzXsSNyE9AkhcJpqRcbjECMYYTdlAbgo3GTPPWUH8QGKOQRai4Vz0X8uZGAb8zE99LJLKWZ9zLxP68b0/DUTWQQxYSByA6RVJgfMkLLtA7kA6mRCLLkyGXABWggQi05CJGKcdpPKe3Dmf/+L2kdVZ3jau26VqlfzJopsj22zw6Zw05YnV2xBmsywTR7ZE/s2XqwXqxX6+17tGDNdnbZL1jvX/rkls8=</latexit>

A0 =
<latexit sha1_base64="28RIquoiFNOER/3zOpVjx/jfge0=">AAAB9XicbVC7TsNAEFyHVwivACXNiQiJKrKjCCgjaCiDIA8piaLzZRNOOT90twZFVj6BFio6RMv3UPAv2MYFJEw1mtnVzo4bKmnItj+twsrq2vpGcbO0tb2zu1feP2ibINICWyJQge663KCSPrZIksJuqJF7rsKOO71K/c4DaiMD/45mIQ48PvHlWApOiXQrhrVhuWJX7QxsmTg5qUCO5rD81R8FIvLQJ6G4MT3HDmkQc01SKJyX+pHBkIspn2AvoT730AziLOqcnUSGU8BC1Ewqlon4eyPmnjEzz00mPU73ZtFLxf+8XkTji0Es/TAi9EV6iKTC7JARWiYdIBtJjUQ8TY5M+kxwzYlQS8aFSMQoKaWU9OEsfr9M2rWqc1at39Qrjcu8mSIcwTGcggPn0IBraEILBEzgCZ7hxXq0Xq036/1ntGDlO4fwB9bHN5XPkho=</latexit>c2

<latexit sha1_base64="P6aP89Q81dIkiuBr5kktput5FMA="></latexit>

� �4

2s2
+

<latexit sha1_base64="7vxkMbye8Vv5ltvclohVmAsL2ic=">AAACA3icdVDLSgNBEJyNrxgfWfXoZTAIgrDsxtUkt6AXjwpGhSSE3rGNQ2YfzPQKIeToV3jVkzfx6od48F/cjRFUtE5FVTddXUGipCHXfbMKM7Nz8wvFxdLS8spq2V5bPzdxqgW2RKxifRmAQSUjbJEkhZeJRggDhRfB4Cj3L25RGxlHZzRMsBtCP5LXUgBlUs8udwIk6Pm8o+I+N7s9u+I6jfrBfn2Pu45Xbbi+lxN/v1Z1uee4E1TYFCc9+71zFYs0xIiEAmPanptQdwSapFA4LnVSgwmIAfSxndEIQjTd0ST4mG+nBijmCWouFZ+I+H1jBKExwzDIJkOgG/Pby8W/vHZK1/XuSEZJShiJ/BBJhZNDRmiZNYL8Smokgjw5chlxARqIUEsOQmRimlVUyvr4epr/T86rjnfg+Kd+pXk4babINtkW22Eeq7EmO2YnrMUES9k9e2CP1p31ZD1bL5+jBWu6s8F+wHr9ALmRlyE=</latexit>

�4 log s+

<latexit sha1_base64="wzQtbJUbRL/lAFbM6oS5sOoPTJY=">AAAB+XicdVDLSsNAFJ3UV62vqks3g0UQhJC0sc2y6MZlBfuAtpTJ9LYOnTyYuRFK6Ee41ZU7cevXuPBfTGIFFT2rwzn3cs89XiSFRst6Mworq2vrG8XN0tb2zu5eef+go8NYcWjzUIaq5zENUgTQRoESepEC5nsSut7sMvO7d6C0CIMbnEcw9Nk0EBPBGaZS92zAxyHqUblimbbdqDsNapmOW62d11LiNlynZlPbtHJUyBKtUfl9MA557EOAXDKt+7YV4TBhCgWXsCgNYg0R4zM2hX5KA+aDHiZ53AU9iTXDkEagqJA0F+H7RsJ8ree+l076DG/1by8T//L6MU7cYSKCKEYIeHYIhYT8kOZKpD0AHQsFiCxLDlQElDPFEEEJyjhPxTgtppT28fU0/Z90qqZdN51rp9K8WDZTJEfkmJwSmzRIk1yRFmkTTmbknjyQRyMxnoxn4+VztGAsdw7JDxivH0r5lEQ=</latexit>

+ · · ·
<latexit sha1_base64="wzQtbJUbRL/lAFbM6oS5sOoPTJY=">AAAB+XicdVDLSsNAFJ3UV62vqks3g0UQhJC0sc2y6MZlBfuAtpTJ9LYOnTyYuRFK6Ee41ZU7cevXuPBfTGIFFT2rwzn3cs89XiSFRst6Mworq2vrG8XN0tb2zu5eef+go8NYcWjzUIaq5zENUgTQRoESepEC5nsSut7sMvO7d6C0CIMbnEcw9Nk0EBPBGaZS92zAxyHqUblimbbdqDsNapmOW62d11LiNlynZlPbtHJUyBKtUfl9MA557EOAXDKt+7YV4TBhCgWXsCgNYg0R4zM2hX5KA+aDHiZ53AU9iTXDkEagqJA0F+H7RsJ8ree+l076DG/1by8T//L6MU7cYSKCKEYIeHYIhYT8kOZKpD0AHQsFiCxLDlQElDPFEEEJyjhPxTgtppT28fU0/Z90qqZdN51rp9K8WDZTJEfkmJwSmzRIk1yRFmkTTmbknjyQRyMxnoxn4+VztGAsdw7JDxivH0r5lEQ=</latexit>

+ · · ·
<latexit sha1_base64="wzQtbJUbRL/lAFbM6oS5sOoPTJY=">AAAB+XicdVDLSsNAFJ3UV62vqks3g0UQhJC0sc2y6MZlBfuAtpTJ9LYOnTyYuRFK6Ee41ZU7cevXuPBfTGIFFT2rwzn3cs89XiSFRst6Mworq2vrG8XN0tb2zu5eef+go8NYcWjzUIaq5zENUgTQRoESepEC5nsSut7sMvO7d6C0CIMbnEcw9Nk0EBPBGaZS92zAxyHqUblimbbdqDsNapmOW62d11LiNlynZlPbtHJUyBKtUfl9MA557EOAXDKt+7YV4TBhCgWXsCgNYg0R4zM2hX5KA+aDHiZ53AU9iTXDkEagqJA0F+H7RsJ8ree+l076DG/1by8T//L6MU7cYSKCKEYIeHYIhYT8kOZKpD0AHQsFiCxLDlQElDPFEEEJyjhPxTgtppT28fU0/Z90qqZdN51rp9K8WDZTJEfkmJwSmzRIk1yRFmkTTmbknjyQRyMxnoxn4+VztGAsdw7JDxivH0r5lEQ=</latexit>

+ · · ·

<latexit sha1_base64="dpTamRnKsAhQavjthzigUvskqFk="></latexit>

�4 =
7c22

160⇡2

<latexit sha1_base64="jHUKd6dfsev+UHkT99zWBw8di34=">AAAB93icdVDLTgJBEJzFF+IL9ehlIjHxtNkF5HEjevGIiQsksCGzQ4MTZh+Z6TUhG77Bq568Ga9+jgf/xV3ARI3WqVLVna4uL5JCo2W9G7m19Y3Nrfx2YWd3b/+geHjU0WGsODg8lKHqeUyDFAE4KFBCL1LAfE9C15teZX73HpQWYXCLswhcn00CMRacYSo5AympPSyWLPOiUW80qzQlzWbZWpJKrVKntmktUCIrtIfFj8Eo5LEPAXLJtO7bVoRuwhQKLmFeGMQaIsanbAL9lAbMB+0mi7BzehZrhiGNQFEh6UKE7xsJ87We+V466TO807+9TPzL68c4briJCKIYIeDZIRQSFoc0VyJtAehIKEBkWXKgIqCcKYYISlDGeSrGaS2FtI+vp+n/pFM27ZpZvamWWperZvLkhJySc2KTOmmRa9ImDuFEkAfySJ6MmfFsvBivy9Gcsdo5Jj9gvH0CXjiTJg==</latexit>⌧ 1
<latexit sha1_base64="Cz7FYO143IZdRp8ApKdmQevVvqE=">AAAB/3icdVC5TsNAFFxzhnAFKGlWREihsZzE5OgiaCiDRA4pNtF68xJWWR/sPiNFUQq+ghYqOkTLp1DwLzgHEiCYajTznt688SIpNFrWu7G0vLK6tp7aSG9ube/sZvb2mzqMFYcGD2Wo2h7TIEUADRQooR0pYL4noeUNz6d+6w6UFmFwhaMIXJ8NAtEXnGEiuY4WPs3ZTiROrgvdTNYyTyvlStWmCalWC9acFEvFMs2b1gxZskC9m/lweiGPfQiQS6Z1J29F6I6ZQsElTNJOrCFifMgG0ElowHzQ7ngWekKPY80wpBEoKiSdifB9Y8x8rUe+l0z6DG/0b28q/uV1YuxX3LEIohgh4NNDKCTMDmmuRNIG0J5QgMimyYGKgHKmGCIoQRnniRgn9aSTPr6epv+TZsHMl0z70s7WzhbNpMghOSI5kidlUiMXpE4ahJNb8kAeyZNxbzwbL8brfHTJWOwckB8w3j4BkdSWAA==</latexit>

⇠ (4⇡)2

Strong Coupling: high arcs dominated by     loop effects!
(e.g ChiPT)

<latexit sha1_base64="28RIquoiFNOER/3zOpVjx/jfge0=">AAAB9XicbVC7TsNAEFyHVwivACXNiQiJKrKjCCgjaCiDIA8piaLzZRNOOT90twZFVj6BFio6RMv3UPAv2MYFJEw1mtnVzo4bKmnItj+twsrq2vpGcbO0tb2zu1feP2ibINICWyJQge663KCSPrZIksJuqJF7rsKOO71K/c4DaiMD/45mIQ48PvHlWApOiXQrhrVhuWJX7QxsmTg5qUCO5rD81R8FIvLQJ6G4MT3HDmkQc01SKJyX+pHBkIspn2AvoT730AziLOqcnUSGU8BC1Ewqlon4eyPmnjEzz00mPU73ZtFLxf+8XkTji0Es/TAi9EV6iKTC7JARWiYdIBtJjUQ8TY5M+kxwzYlQS8aFSMQoKaWU9OEsfr9M2rWqc1at39Qrjcu8mSIcwTGcggPn0IBraEILBEzgCZ7hxXq0Xq036/1ntGDlO4fwB9bHN5XPkho=</latexit>c2
Information unaccessible

Smaller window 
in which theory 
looks tree-level Assume higher loops 

small, e.g.
<latexit sha1_base64="VfSof46lCx0ylANFzkgGh4TKubQ="></latexit>

c4c6s8

16⇡2
⌧ c2

Bellazzini, Elias-Miro, Rattazzi, Riembau, FR’20


<latexit sha1_base64="Mf3jfT1LmfRY9uajX66DUkrnQEA=">AAAB+nicbVC7TsNAEDyHVwivACXNiQiJKrJRBDRIETSUQSIPKbGi9WWTnHJ+6G6NFJn8BC1UdIiWn6HgX7BNCkiYajSzq50dL1LSkG1/WoWV1bX1jeJmaWt7Z3evvH/QMmGsBTZFqELd8cCgkgE2SZLCTqQRfE9h25vcZH77AbWRYXBP0whdH0aBHEoBlEqd3hiImyu7X67YVTsHXybOnFTYHI1++as3CEXsY0BCgTFdx47ITUCTFApnpV5sMAIxgRF2UxqAj8ZN8rwzfhIboJBHqLlUPBfx90YCvjFT30snfaCxWfQy8T+vG9Pw0k1kEMWEgcgOkVSYHzJCy7QI5AOpkQiy5MhlwAVoIEItOQiRinHaTCntw1n8fpm0zqrOebV2V6vUr+fNFNkRO2anzGEXrM5uWYM1mWCKPbFn9mI9Wq/Wm/X+M1qw5juH7A+sj2/oAZPx</latexit>

ŝ = 0
<latexit sha1_base64="SlHCN/mCb0U+ETWUNKmsTsdT+UU=">AAACAHicbVC7TsNAEDyHVwivACXNiQiJKrIRAhqkCBrKIJGHlJhofdkkp5wfulsjRVEavoIWKjpEy59Q8C/YxgUkTDWa2dXOjhcpaci2P63C0vLK6lpxvbSxubW9U97da5ow1gIbIlShbntgUMkAGyRJYTvSCL6nsOWNr1O/9YDayDC4o0mErg/DQA6kAEqk++4IiJtLEVM4GJR65YpdtTPwReLkpMJy1Hvlr24/FLGPAQkFxnQcOyJ3CpqkUDgrdWODEYgxDLGT0AB8NO40Sz3jR7EBCnmEmkvFMxF/b0zBN2bie8mkDzQy814q/ud1YhpcuFMZRDFhINJDJBVmh4zQMqkDeV9qJII0OXIZcAEaiFBLDkIkYpz0k/bhzH+/SJonVeesenp7Wqld5c0U2QE7ZMfMYeesxm5YnTWYYJo9sWf2Yj1ar9ab9f4zWrDynX32B9bHN5Lnlo4=</latexit>

ŝ = cutoff



2.  Applications

(at weak coupling)



|A
m

p|

0

+
<latexit sha1_base64="SDBB2uFNToJiMNtjYm3ZjOBhFr8=">AAAB83icbVDLSgNBEJz1GeMr6tHLYBAEIWyM+LgFvXhMwDwgWcLspBOHzM4uMz1CWPIFXvXkTbz6QR78F3fXRdRYp6Kqm64uP5LCoOu+OwuLS8srq4W14vrG5tZ2aWe3bUKrObR4KEPd9ZkBKRS0UKCEbqSBBb6Ejj+5Tv3OPWgjQnWL0wi8gI2VGAnOMJGax4NS2a24Geg8qeakTHI0BqWP/jDkNgCFXDJjelU3Qi9mGgWXMCv2rYGI8QkbQy+higVgvDgLOqOH1jAMaQSaCkkzEX5uxCwwZhr4yWTA8M789VLxP69ncXThxUJFFkHx9BAKCdkhw7VIGgA6FBoQWZocqFCUM80QQQvKOE9Em1RSzPq4THH2/f08aZ9UqrVKrXlarl/lzRTIPjkgR6RKzkmd3JAGaRFOgDyQR/LkWOfZeXFev0YXnHxnj/yC8/YJJ06Raw==</latexit>

1. How soft can EFTs be?

A(s) = c0 + c2s
2 + c4s

4 + c6s
6 + c8s

8 + · · ·
<latexit sha1_base64="8z8h7RXOJrMosb7h03UKj/14rkQ="></latexit>

(weak coupling)

 

IE

I
Energy2

M2s

e+ e- ➙ µ+ µ- 
(BhaBha)

Higgs 
scattering

possible?

Naively:  
all coefficients comparable 

(units of M2)

indeed, c’s mixed by running



|A
m

p|

0

+
<latexit sha1_base64="SDBB2uFNToJiMNtjYm3ZjOBhFr8=">AAAB83icbVDLSgNBEJz1GeMr6tHLYBAEIWyM+LgFvXhMwDwgWcLspBOHzM4uMz1CWPIFXvXkTbz6QR78F3fXRdRYp6Kqm64uP5LCoOu+OwuLS8srq4W14vrG5tZ2aWe3bUKrObR4KEPd9ZkBKRS0UKCEbqSBBb6Ejj+5Tv3OPWgjQnWL0wi8gI2VGAnOMJGax4NS2a24Geg8qeakTHI0BqWP/jDkNgCFXDJjelU3Qi9mGgWXMCv2rYGI8QkbQy+higVgvDgLOqOH1jAMaQSaCkkzEX5uxCwwZhr4yWTA8M789VLxP69ncXThxUJFFkHx9BAKCdkhw7VIGgA6FBoQWZocqFCUM80QQQvKOE9Em1RSzPq4THH2/f08aZ9UqrVKrXlarl/lzRTIPjkgR6RKzkmd3JAGaRFOgDyQR/LkWOfZeXFev0YXnHxnj/yC8/YJJ06Raw==</latexit>

1. How soft can EFTs be?

A(s) = c0 + c2s
2 + c4s

4 + c6s
6 + c8s

8 + · · ·
<latexit sha1_base64="8z8h7RXOJrMosb7h03UKj/14rkQ="></latexit>

(weak coupling)

 

IE

I
Energy2

M2s

e+ e- ➙ µ+ µ- 
(BhaBha)

Higgs 
scattering

possible?

Naively:  
all coefficients comparable 

(units of M2)

…but… Symmetries: 
make hyerarchies natural 

indeed, c’s mixed by running



|A
m

p|

0

+
<latexit sha1_base64="SDBB2uFNToJiMNtjYm3ZjOBhFr8=">AAAB83icbVDLSgNBEJz1GeMr6tHLYBAEIWyM+LgFvXhMwDwgWcLspBOHzM4uMz1CWPIFXvXkTbz6QR78F3fXRdRYp6Kqm64uP5LCoOu+OwuLS8srq4W14vrG5tZ2aWe3bUKrObR4KEPd9ZkBKRS0UKCEbqSBBb6Ejj+5Tv3OPWgjQnWL0wi8gI2VGAnOMJGax4NS2a24Geg8qeakTHI0BqWP/jDkNgCFXDJjelU3Qi9mGgWXMCv2rYGI8QkbQy+higVgvDgLOqOH1jAMaQSaCkkzEX5uxCwwZhr4yWTA8M789VLxP69ncXThxUJFFkHx9BAKCdkhw7VIGgA6FBoQWZocqFCUM80QQQvKOE9Em1RSzPq4THH2/f08aZ9UqrVKrXlarl/lzRTIPjkgR6RKzkmd3JAGaRFOgDyQR/LkWOfZeXFev0YXnHxnj/yC8/YJJ06Raw==</latexit>

1. How soft can EFTs be?

A(s) = c0 + c2s
2 + c4s

4 + c6s
6 + c8s

8 + · · ·
<latexit sha1_base64="8z8h7RXOJrMosb7h03UKj/14rkQ="></latexit>

(weak coupling)

 

IE

I
Energy2

M2s

e+ e- ➙ µ+ µ- 
(BhaBha)

Higgs 
scattering

possible? π0π0 ➙ π0π0

Symmetries: 
make hyerarchies natural 

⇡ ! ⇡ + ↵
<latexit sha1_base64="ad3WZoxOlKl3llWFF1AYjif1dIU=">AAACBHicbVBNS8NAEN34bf2KevSyWARBKIkVP26iF48KtgpNKZPt1C7dJMvuRCjBq7/Cq568iVf/hwf/i0ksotZ3GB7vzTAzL9RKWvK8d2dicmp6ZnZuvrKwuLS84q6uNW2SGoENkajEXIdgUckYGyRJ4bU2CFGo8CocnBb+1S0aK5P4koYa2xHcxLInBVAudVw30DKgJK87ASjdh45b9WpeCT5O/BGpshHOO+5H0E1EGmFMQoG1Ld/T1M7AkBQK7ypBalGDGMANtnIaQ4S2nZWX3/Gt1AIlXKPhUvFSxJ8TGUTWDqMw74yA+vavV4j/ea2UeoftTMY6JYxFsYikwnKRFUbmkSDvSoNEUFyOXMZcgAEiNJKDELmY5hlVyjyOCux/fz9Omrs1v16rX+xVj09GycyxDbbJtpnPDtgxO2PnrMEEu2UP7JE9OffOs/PivH61TjijmXX2C87bJ2YXmD0=</latexit>

Goldstone

+ · · ·
<latexit sha1_base64="TAtg5wbpOJ8wez7P9LSBJqK4s6c=">AAAB+XicbVDLSgNBEOyNrxhfUY9eBoMgCGFjxMct6MVjBPOAZAmzk04cMvtgplcISz7Cq568iVe/xoP/4u66iBrrVFR109Xlhkoasu13q7CwuLS8Ulwtra1vbG6Vt3faJoi0wJYIVKC7LjeopI8tkqSwG2rknquw406uUr9zj9rIwL+laYiOx8e+HEnBKZE6R30xDMgMyhW7amdg86SWkwrkaA7KH/1hICIPfRKKG9Or2SE5MdckhcJZqR8ZDLmY8DH2EupzD40TZ3Fn7CAynAIWomZSsUzEnxsx94yZem4y6XG6M3+9VPzP60U0Ondi6YcRoS/SQyQVZoeM0DLpAdlQaiTiaXJk0meCa06EWjIuRCJGSTGlrI+LFKff38+T9nG1Vq/Wb04qjcu8mSLswT4cQg3OoAHX0IQWCJjAAzzCkxVbz9aL9fo1WrDynV34BevtE+axlCA=</latexit>

<latexit sha1_base64="WjSMksNBeyzCCc/oEdaZVzGmt/8=">AAACE3icbVC7SgNBFJ2N7/iKWlo4GITYhN0Q1EYQbSwsFIwK2RjujjdxyOzuMHNXkCWln+BX2GplJ7Z+gIX/4m5MoYmnOpxznyfQSlpy3U+nMDE5NT0zO1ecX1hcWi6trF7YODECGyJWsbkKwKKSETZIksIrbRDCQOFl0DvK/cs7NFbG0Tnda2yF0I1kRwqgTGqXNvwQ6FaASk/6+6Jdq/gaDElQ3Ndy+7reLpXdqjsAHyfekJTZEKft0pd/E4skxIiEAmubnqupleZDhcJ+0U8sahA96GIzoxGEaFvp4JE+30osUMw1Gi4VH4j4uyOF0Nr7MMgq87PtqJeL/3nNhDp7rVRGOiGMRL6IpMLBIiuMzBJCfiMNEkF+OXIZcQEGiNBIDkJkYpJFVszy8Ea/HycXtaq3U62f1csHh8NkZtk622QV5rFddsCO2SlrMMEe2BN7Zi/Oo/PqvDnvP6UFZ9izxv7A+fgGuxudmw==</latexit>

L = c2(@⇡)
4

<latexit sha1_base64="y/DHmKCdoQLOWoxegwBi9PGs/xY=">AAAB/3icbVC7TsNAEDyHVwivACXNiQiJKrKjCCgDNJRBIg8pMdH5sgmn3Nnmbo0UWSn4Clqo6BAtn0LBv2AbF5Aw1WhmVzs7XiiFQdv+tApLyyura8X10sbm1vZOeXevbYJIc2jxQAa66zEDUvjQQoESuqEGpjwJHW9ymfqdB9BGBP4NTkNwFRv7YiQ4w0Ryz/tGKMoHNWpua4Nyxa7aGegicXJSITmag/JXfxjwSIGPXDJjeo4dohszjYJLmJX6kYGQ8QkbQy+hPlNg3DgLPaNHkWEY0BA0FZJmIvzeiJkyZqq8ZFIxvDPzXir+5/UiHJ25sfDDCMHn6SEUErJDhmuRtAF0KDQgsjQ5UOFTzjRDBC0o4zwRo6SeUtKHM//9ImnXqs5JtX5drzQu8maK5IAckmPikFPSIFekSVqEk3vyRJ7Ji/VovVpv1vvPaMHKd/bJH1gf3w3ilac=</latexit>

A ⇠ c2s
2



1. How soft can EFTs be?
(weak coupling)

Symmetries: 
make hyerarchies natural 

+ · · ·
<latexit sha1_base64="TAtg5wbpOJ8wez7P9LSBJqK4s6c=">AAAB+XicbVDLSgNBEOyNrxhfUY9eBoMgCGFjxMct6MVjBPOAZAmzk04cMvtgplcISz7Cq568iVe/xoP/4u66iBrrVFR109Xlhkoasu13q7CwuLS8Ulwtra1vbG6Vt3faJoi0wJYIVKC7LjeopI8tkqSwG2rknquw406uUr9zj9rIwL+laYiOx8e+HEnBKZE6R30xDMgMyhW7amdg86SWkwrkaA7KH/1hICIPfRKKG9Or2SE5MdckhcJZqR8ZDLmY8DH2EupzD40TZ3Fn7CAynAIWomZSsUzEnxsx94yZem4y6XG6M3+9VPzP60U0Ondi6YcRoS/SQyQVZoeM0DLpAdlQaiTiaXJk0meCa06EWjIuRCJGSTGlrI+LFKff38+T9nG1Vq/Wb04qjcu8mSLswT4cQg3OoAHX0IQWCJjAAzzCkxVbz9aL9fo1WrDynV34BevtE+axlCA=</latexit>

⇡ ! ⇡ + ↵
<latexit sha1_base64="ad3WZoxOlKl3llWFF1AYjif1dIU=">AAACBHicbVBNS8NAEN34bf2KevSyWARBKIkVP26iF48KtgpNKZPt1C7dJMvuRCjBq7/Cq568iVf/hwf/i0ksotZ3GB7vzTAzL9RKWvK8d2dicmp6ZnZuvrKwuLS84q6uNW2SGoENkajEXIdgUckYGyRJ4bU2CFGo8CocnBb+1S0aK5P4koYa2xHcxLInBVAudVw30DKgJK87ASjdh45b9WpeCT5O/BGpshHOO+5H0E1EGmFMQoG1Ld/T1M7AkBQK7ypBalGDGMANtnIaQ4S2nZWX3/Gt1AIlXKPhUvFSxJ8TGUTWDqMw74yA+vavV4j/ea2UeoftTMY6JYxFsYikwnKRFUbmkSDvSoNEUFyOXMZcgAEiNJKDELmY5hlVyjyOCux/fz9Omrs1v16rX+xVj09GycyxDbbJtpnPDtgxO2PnrMEEu2UP7JE9OffOs/PivH61TjijmXX2C87bJ2YXmD0=</latexit>

Goldstone
+ · · ·

<latexit sha1_base64="TAtg5wbpOJ8wez7P9LSBJqK4s6c=">AAAB+XicbVDLSgNBEOyNrxhfUY9eBoMgCGFjxMct6MVjBPOAZAmzk04cMvtgplcISz7Cq568iVe/xoP/4u66iBrrVFR109Xlhkoasu13q7CwuLS8Ulwtra1vbG6Vt3faJoi0wJYIVKC7LjeopI8tkqSwG2rknquw406uUr9zj9rIwL+laYiOx8e+HEnBKZE6R30xDMgMyhW7amdg86SWkwrkaA7KH/1hICIPfRKKG9Or2SE5MdckhcJZqR8ZDLmY8DH2EupzD40TZ3Fn7CAynAIWomZSsUzEnxsx94yZem4y6XG6M3+9VPzP60U0Ondi6YcRoS/SQyQVZoeM0DLpAdlQaiTiaXJk0meCa06EWjIuRCJGSTGlrI+LFKff38+T9nG1Vq/Wb04qjcu8mSLswT4cQg3OoAHX0IQWCJjAAzzCkxVbz9aL9fo1WrDynV34BevtE+axlCA=</latexit>

Galileons ⇡ ! ⇡ + ↵+ �µx
µ

<latexit sha1_base64="XQXT6I7Ho67FNjUntKiBO0hdwZg=">AAACFXicbVA9SwNBEN3z2/gVtbRZDYIQCBcVPzrRxlLBmEAuhrnNRBf37pbdOVGCtT/BX2GrlZ3YWlv4X9w7g6jxFbuP92aYmRdqJS35/rs3NDwyOjY+MVmYmp6ZnSvOL5zaJDUCayJRiWmEYFHJGGskSWFDG4QoVFgPLw8yv36FxsokPqEbja0IzmPZlQLISe3icqBlQAl3XzkApS+gHIRI0A6ilF+fubddLPkVPwcfJNU+KbE+jtrFj6CTiDTCmIQCa5tVX1OrB4akUHhbCFKLGsQlnGPT0RgitK1efsotX00tuHU0Gi4Vz0X82dGDyNqbKHSVEdCF/etl4n9eM6XuTqsnY50SxiIbRFJhPsgKI11GyDvSIBFkmyOXMRdggAiN5CCEE1MXWiHPYzfD1vf1g+R0vVLdqGwcb5b29vvJTLAltsLWWJVtsz12yI5YjQl2xx7YI3vy7r1n78V7/Sod8vo9i+wXvLdP7L+e+w==</latexit>Nicolois,Rattazzi,Trincherini’08

⇡ ! ⇡ + ↵+ �x · · ·+ �xn
<latexit sha1_base64="wGN8nb5rIlZfePVucxOecn/Ox9g="></latexit>Super-Soft

<latexit sha1_base64="WjSMksNBeyzCCc/oEdaZVzGmt/8=">AAACE3icbVC7SgNBFJ2N7/iKWlo4GITYhN0Q1EYQbSwsFIwK2RjujjdxyOzuMHNXkCWln+BX2GplJ7Z+gIX/4m5MoYmnOpxznyfQSlpy3U+nMDE5NT0zO1ecX1hcWi6trF7YODECGyJWsbkKwKKSETZIksIrbRDCQOFl0DvK/cs7NFbG0Tnda2yF0I1kRwqgTGqXNvwQ6FaASk/6+6Jdq/gaDElQ3Ndy+7reLpXdqjsAHyfekJTZEKft0pd/E4skxIiEAmubnqupleZDhcJ+0U8sahA96GIzoxGEaFvp4JE+30osUMw1Gi4VH4j4uyOF0Nr7MMgq87PtqJeL/3nNhDp7rVRGOiGMRL6IpMLBIiuMzBJCfiMNEkF+OXIZcQEGiNBIDkJkYpJFVszy8Ea/HycXtaq3U62f1csHh8NkZtk622QV5rFddsCO2SlrMMEe2BN7Zi/Oo/PqvDnvP6UFZ9izxv7A+fgGuxudmw==</latexit>

L = c2(@⇡)
4

<latexit sha1_base64="y/DHmKCdoQLOWoxegwBi9PGs/xY=">AAAB/3icbVC7TsNAEDyHVwivACXNiQiJKrKjCCgDNJRBIg8pMdH5sgmn3Nnmbo0UWSn4Clqo6BAtn0LBv2AbF5Aw1WhmVzs7XiiFQdv+tApLyyura8X10sbm1vZOeXevbYJIc2jxQAa66zEDUvjQQoESuqEGpjwJHW9ymfqdB9BGBP4NTkNwFRv7YiQ4w0Ryz/tGKMoHNWpua4Nyxa7aGegicXJSITmag/JXfxjwSIGPXDJjeo4dohszjYJLmJX6kYGQ8QkbQy+hPlNg3DgLPaNHkWEY0BA0FZJmIvzeiJkyZqq8ZFIxvDPzXir+5/UiHJ25sfDDCMHn6SEUErJDhmuRtAF0KDQgsjQ5UOFTzjRDBC0o4zwRo6SeUtKHM//9ImnXqs5JtX5drzQu8maK5IAckmPikFPSIFekSVqEk3vyRJ7Ji/VovVpv1vvPaMHKd/bJH1gf3w3ilac=</latexit>

A ⇠ c2s
2

<latexit sha1_base64="oEW/YsOU6rkRqNL0hEmQCCmgSjI=">AAACG3icbVC7TsNAEDzzDOEVoKQ5ESFCE9koAhqkCBoKiiARQIpDtL4scMrZPt2tkSIrn8An8BW0UNEhWgoK/gU7BInXNDea2b3dnUAracl135yx8YnJqenCTHF2bn5hsbS0fGrjxAhsiljF5jwAi0pG2CRJCs+1QQgDhWdB7yD3z27QWBlHJ9TX2A7hKpKXUgBlUqe04YdA1wJUejTYE51axddgSIL6ermv5eZFrVMqu1V3CP6XeCNSZiM0OqV3vxuLJMSIhAJrW56rqZ3mnwqFg6KfWNQgenCFrYxGEKJtp8ODBnw9sUAx12i4VHwo4veOFEJr+2GQVebr299eLv7ntRK63G2nMtIJYSTyQSQVDgdZYWSWFPKuNEgE+ebIZcQFGCBCIzkIkYlJFl0xy8P7ff1fcrpV9barteNaub4/SqbAVtkaqzCP7bA6O2QN1mSC3bJ79sAenTvnyXl2Xj5Lx5xRzwr7Aef1A3NgoTY=</latexit>

L = c4(@@⇡)
4

<latexit sha1_base64="SfYGtfHWm5ltjBzl5a5muYOkEUk=">AAAB/3icbVC7TsNAEDzzDOEVoKQ5ESFRRTaygDJAQxkk8pASE50vm3DK+Wzu1kiRlYKvoIWKDtHyKRT8C7ZxAQlTjWZ2tbPjR1IYtO1Pa2FxaXlltbRWXt/Y3Nqu7Oy2TBhrDk0eylB3fGZACgVNFCihE2lggS+h7Y8vM7/9ANqIUN3gJAIvYCMlhoIzTCXvvGdEQHnfpebW7Veqds3OQeeJU5AqKdDoV756g5DHASjkkhnTdewIvYRpFFzCtNyLDUSMj9kIuilVLADjJXnoKT2MDcOQRqCpkDQX4fdGwgJjJoGfTgYM78ysl4n/ed0Yh2deIlQUIyieHUIhIT9kuBZpG0AHQgMiy5IDFYpyphkiaEEZ56kYp/WU0z6c2e/nSeu45pzU3Gu3Wr8omimRfXJAjohDTkmdXJEGaRJO7skTeSYv1qP1ar1Z7z+jC1axs0f+wPr4BhQmlas=</latexit>

A ⇠ c4s
4

<latexit sha1_base64="SyURp/2nzVY/4MNaMU+fcpcugqs=">AAACKHicbVC7TsNAEDyHVwgvAyXNiQiJKrKjCCgDNFRRkMhDSkJ0vmzCifNDd2tEZPlH+AS+ghYqOpSChi/BNi4gYarRzO7N3jiBFBota2YUlpZXVteK66WNza3tHXN3r639UHFocV/6quswDVJ40EKBErqBAuY6EjrO/WXqdx5AaeF7NzgNYOCyiSfGgjNMpKFZO+9r4VI+jPoIj5g9GCkYxbQRU327oEbVRhwPzbJVsTLQRWLnpExyNIfmZ3/k89AFD7lkWvdsK8BBxBQKLiEu9UMNAeP3bAK9hHrMBT2IstiYHoWaoU8DUFRImonweyNirtZT10kmXYZ3et5Lxf+8Xojjs0EkvCBE8HgahEJCFqS5EkltQEdCASJLLwcqPMqZYoigBGWcJ2KY9FhK+rDnf79I2tWKfVKpXdfK9Yu8mSI5IIfkmNjklNTJFWmSFuHkibyQV/JmPBvvxocx+xktGPnOPvkD4+sb0Han1g==</latexit>

A ⇠ cNs2N

|A
m

p|

0

+
<latexit sha1_base64="SDBB2uFNToJiMNtjYm3ZjOBhFr8=">AAAB83icbVDLSgNBEJz1GeMr6tHLYBAEIWyM+LgFvXhMwDwgWcLspBOHzM4uMz1CWPIFXvXkTbz6QR78F3fXRdRYp6Kqm64uP5LCoOu+OwuLS8srq4W14vrG5tZ2aWe3bUKrObR4KEPd9ZkBKRS0UKCEbqSBBb6Ejj+5Tv3OPWgjQnWL0wi8gI2VGAnOMJGax4NS2a24Geg8qeakTHI0BqWP/jDkNgCFXDJjelU3Qi9mGgWXMCv2rYGI8QkbQy+higVgvDgLOqOH1jAMaQSaCkkzEX5uxCwwZhr4yWTA8M789VLxP69ncXThxUJFFkHx9BAKCdkhw7VIGgA6FBoQWZocqFCUM80QQQvKOE9Em1RSzPq4THH2/f08aZ9UqrVKrXlarl/lzRTIPjkgR6RKzkmd3JAGaRFOgDyQR/LkWOfZeXFev0YXnHxnj/yC8/YJJ06Raw==</latexit>

A(s) = c0 + c2s
2 + c4s

4 + c6s
6 + c8s

8 + · · ·
<latexit sha1_base64="8z8h7RXOJrMosb7h03UKj/14rkQ="></latexit>
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scattering

possible? π0π0 ➙ π0π0



A(s) = c0 + c2s
2 + c4s

4 + c6s
6 + c8s

8 + · · ·
<latexit sha1_base64="8z8h7RXOJrMosb7h03UKj/14rkQ="></latexit>

<latexit sha1_base64="nhtl0IXAfnDYJNUBMX8r8o5KrF8="></latexit>

An ⌘
Z

\s̄

ds

⇡i

A(s, t)

s2n+3
= c2n+2A(s) = c0 + c2s

2 + c4s
4 + c6s

6 + c8s
8 + · · ·

<latexit sha1_base64="8z8h7RXOJrMosb7h03UKj/14rkQ="></latexit>
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<latexit sha1_base64="s1lwh/kzoYCchVDnV5bQAojsN6Q=">AAACB3icbVC7TsNAEDzzDOFlSElzIkKiiuwoCMoIGsogkYeUhGh92YRTzg/drZEiKx/AV9BCRYdo+QwK/gXHuICEqUYzu9rZ8SIlDTnOp7Wyura+sVnYKm7v7O7t2weHLRPGWmBThCrUHQ8MKhlgkyQp7EQawfcUtr3J1dxvP6A2MgxuaRph34dxIEdSAKXSwC71RhpEIgY1bu6qs5RUZwO77FScDHyZuDkpsxyNgf3VG4Yi9jEgocCYrutE1E9AkxQKZ8VebDACMYExdlMagI+mn2ThZ/wkNkAhj1BzqXgm4u+NBHxjpr6XTvpA92bRm4v/ed2YRhf9RAZRTBiI+SGSCrNDRmiZtoJ8KDUSwTw5chlwARqIUEsOQqRinNZUTPtwF79fJq1qxT2rODe1cv0yb6bAjtgxO2UuO2d1ds0arMkEm7In9sxerEfr1Xqz3n9GV6x8p8T+wPr4BvhamOc=</latexit>

c4s2

c2

<latexit sha1_base64="QG0SYpVBvENqxN/vzeR9K2x+mNY=">AAACB3icbVDLTgJBEJzFF+IL5ehlIjHxRHYJPo5ELx4xkUcCK+kdGpww+8hMrwnZ8AF+hVc9eTNe/QwP/osL7kHBOlWqutPV5UVKGrLtTyu3srq2vpHfLGxt7+zuFfcPWiaMtcCmCFWoOx4YVDLAJklS2Ik0gu8pbHvjq5nffkBtZBjc0iRC14dRIIdSAKVSv1jqDTWIRPTPuLmrTVNSnfaLZbtiz8GXiZORMsvQ6Be/eoNQxD4GJBQY03XsiNwENEmhcFroxQYjEGMYYTelAfho3GQefsqPYwMU8gg1l4rPRfy9kYBvzMT30kkf6N4sejPxP68b0/DCTWQQxYSBmB0iqXB+yAgt01aQD6RGIpglRy4DLkADEWrJQYhUjNOaCmkfzuL3y6RVrTinFfumVq5fZs3k2SE7YifMYeeszq5ZgzWZYBP2xJ7Zi/VovVpv1vvPaM7KdkrsD6yPb/62mOs=</latexit>

c6s4

c2

Arcs in tree-level approximation:

see also 

Englert, Giudice, Greljo, McCullough’19,


Bellazzini, Serra, Sgarlata, FR’19


<latexit sha1_base64="N7cSkM79gTj1UBCOJDjg/+kX/GI=">AAACE3icbVA9SwNBEN2LXzF+RS0tXAyCVbgLMVqFoI2lglEhOY+9yahL9j7YnRMkWPoT/BW2WtmJrT/Awv/iXkyhia+Zx3szzMwLUyUNue6nU5ianpmdK86XFhaXllfKq2tnJsk0YBsSleiLUBhUMsY2SVJ4kWoUUajwPOwf5v75LWojk/iU7lL0I3EdyysJgqwUlDchqHFzWWtyCOqW1JsQNGxtNLvQS8gE5YpbdYfgk8QbkQob4Tgof3V7CWQRxgRKGNPx3JT8gdAkQeF9qZsZTAX0xTV2LI1FhMYfDB+559uZEZTwFDWXig9F/D0xEJExd1FoOyNBN2bcy8X/vE5GV/v+QMZpRhhDvoikwuEiA1rahJD3pEYikV+OXMYchBZEqCUXAFbMbGQlm4c3/v0kOatVvd2qe1KvtA5GyRTZBttiO8xje6zFjtgxazNgD+yJPbMX59F5dd6c95/WgjOaWWd/4Hx8Ay52nA4=</latexit>

c2s
2 > c4s

4 > c6s
6 > · · ·

Bellazzini, Elias-Miro, Rattazzi, Riembau, FR’20


<latexit sha1_base64="N7cSkM79gTj1UBCOJDjg/+kX/GI=">AAACE3icbVA9SwNBEN2LXzF+RS0tXAyCVbgLMVqFoI2lglEhOY+9yahL9j7YnRMkWPoT/BW2WtmJrT/Awv/iXkyhia+Zx3szzMwLUyUNue6nU5ianpmdK86XFhaXllfKq2tnJsk0YBsSleiLUBhUMsY2SVJ4kWoUUajwPOwf5v75LWojk/iU7lL0I3EdyysJgqwUlDchqHFzWWtyCOqW1JsQNGxtNLvQS8gE5YpbdYfgk8QbkQob4Tgof3V7CWQRxgRKGNPx3JT8gdAkQeF9qZsZTAX0xTV2LI1FhMYfDB+559uZEZTwFDWXig9F/D0xEJExd1FoOyNBN2bcy8X/vE5GV/v+QMZpRhhDvoikwuEiA1rahJD3pEYikV+OXMYchBZEqCUXAFbMbGQlm4c3/v0kOatVvd2qe1KvtA5GyRTZBttiO8xje6zFjtgxazNgD+yJPbMX59F5dd6c95/WgjOaWWd/4Hx8Ay52nA4=</latexit>

c2s
2 > c4s

4 > c6s
6 > · · ·

Froissart

cNsN
<latexit sha1_base64="hjePOmtOJRmYohv/B6aEy8sqWNI="></latexit>

A
<latexit sha1_base64="kkF+GGC73N2V7Fu6rjDV39dL0tw=">AAAB83icbVDLSgNBEJyNr7i+oh69DAbBU9g14OMgRr14TMA8IFnC7KQTh8w+mOkVwpIv8Konb+rV7/ATxIP/4u4miBrrVFR109XlhlJotKwPIzc3v7C4lF82V1bX1jcKm1sNHUSKQ50HMlAtl2mQwoc6CpTQChUwz5XQdIeXqd+8BaVF4F/jKATHYwNf9AVnmEi1826haJWsDHSW2FNSPHszT8Pnd7PaLXx2egGPPPCRS6Z127ZCdGKmUHAJY7MTaQgZH7IBtBPqMw+0E2dBx3Qv0gwDGoKiQtJMhJ8bMfO0HnluMukxvNF/vVT8z2tH2D92YuGHEYLP00MoJGSHNFciaQBoTyhAZGlyoMKnnCmGCEpQxnkiRkklZtbHSYrD7+9nSeOgZJdL5ZpVrFyQCfJkh+ySfWKTI1IhV6RK6oQTIHfknjwYkfFoPBkvk9GcMd3ZJr9gvH4BzOqUvg==</latexit>
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II
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c2s

2
<latexit sha1_base64="liOa04EgPcmd+IjlBEbhG1oI9ZU=">AAAB+HicbVC7SgNBFJ2N7/iKCjY2g0GwCjsbSUwXtLFUMA+IMcxObuKY2Qczd4UY8g+2WtmJhY3f4E9Y6Le4uxF8nupwzr3cc48bKmnQtl+tzNT0zOzc/EJ2cWl5ZTW3tl43QaQF1ESgAt10uQElfaihRAXNUAP3XAUNd3CY+I0r0EYG/ikOQ2h7vO/LnhQcY6kuOo45dzq5vF0oM8bKezQmjm3blYSwksNKlBXsFPnq5sm7fDp4Oe7k3s66gYg88FEobkyL2SG2R1yjFArG2bPIQMjFgPehFVOfe2DaozTtmO5EhmNAQ9BUKpqK8H1jxD1jhp4bT3ocL8xvLxH/81oR9vbbI+mHEYIvkkMoFaSHjNAyrgFoV2pA5ElyoNKngmuOCFpSLkQsRnEv2bSPSoKv7/+SulNgxULxJC7mgEwwT7bINtkljJRJlRyRY1IjglySG3JL7qxr6956sB4noxnrc2eD/ID1/AEVaZdE</latexit>

<latexit sha1_base64="M9sXGPHm8M8Pc02eZZxMIJl88gQ=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIjEJQRNJRBkIeUmGh92YRTzg/drUFRlE+ghYoO0fI9FPwLtnEBCVONZna1s+NFShqy7U+rsLS8srpWXC9tbG5t75R391omjLXApghVqDseGFQywCZJUtiJNILvKWx748vUbz+gNjIMbmkSoevDKJBDKYAS6cbc1frlil21M/BF4uSkwnI0+uWv3iAUsY8BCQXGdB07IncKmqRQOCv1YoMRiDGMsJvQAHw07jSLOuNHsQEKeYSaS8UzEX9vTME3ZuJ7yaQPdG/mvVT8z+vGNDx3pzKIYsJApIdIKswOGaFl0gHygdRIBGly5DLgAjQQoZYchEjEOCmllPThzH+/SFq1qnNata9PKvWLvJkiO2CH7Jg57IzV2RVrsCYTbMSe2DN7sR6tV+vNev8ZLVj5zj77A+vjG6uzkiQ=</latexit>

s2EFT only works here

info on theory cutoff

<latexit sha1_base64="ljnFcX//UfLOecs2noR7qQHSWUc=">AAAB9XicdVDLTgJBEJzFF+IL9ehlIjHxtNnlIXAjevGIUR4JbMjs0OCE2UdmejWE8Ale9eTNePV7PPgv7i6YqNE6Vaq609XlhlJotKx3I7Oyura+kd3MbW3v7O7l9w/aOogUhxYPZKC6LtMghQ8tFCihGypgniuh404uEr9zB0qLwL/BaQiOx8a+GAnOMJau+cAa5AuWWalVa/UyjUm9XrQWpHRWqlLbtFIUyBLNQf6jPwx45IGPXDKte7YVojNjCgWXMM/1Iw0h4xM2hl5MfeaBdmZp1Dk9iTTDgIagqJA0FeH7xox5Wk89N570GN7q314i/uX1IhzVnJnwwwjB58khFBLSQ5orEXcAdCgUILIkOVDhU84UQwQlKOM8FqO4lFzcx9fT9H/SLpp2xbSuyoXG+bKZLDkix+SU2KRKGuSSNEmLcDImD+SRPBn3xrPxYrwuRjPGcueQ/IDx9gkrAZJ6</latexit>c0

1. How soft can EFTs be?
(weak coupling)

Supersoft theories have low cutoff…

(dimension>8 operators cannot dominate)
… so low that supersoftness unobservable!



Bellazzini,Serra,Sgarlata,FR’192. Massive Higher Spin

Higher Spin resonances exist in QCD, Nuclei/atoms, Strings,… 

mHS & 1

LHS
<latexit sha1_base64="j+7ZJnon4UdQav3mCyrAF4DRxCk=">AAACEnicbVC7TsNAEDyHd3gFKJHQiQiJKrIB8egQNBQUQRCIlETR+rIJJ+5s626NhCx3fAJfQQsVHaLlByj4F2wTIV5TjWZmtbvjR0pact03pzQyOjY+MTlVnp6ZnZuvLCye2zA2AhsiVKFp+mBRyQAbJElhMzII2ld44V8d5v7FNRorw+CMbiLsaBgEsi8FUCZ1Kyu6mxydpu0BZRnN230DIvHS5LiQ026l6tbcAvwv8Yakyoaodyvv7V4oYo0BCQXWtjw3ok4ChqRQmJbbscUIxBUMsJXRADTaTlL8kfK12AKFPELDpeKFiN8nEtDW3mg/S2qgS/vby8X/vFZM/d1OIoMoJgxEvoikwmKRFUZmBSHvSYNEkF+OXAZcgAEiNJKDEJkYZ42Viz72cmx/ff+XnG/UvM3a5slWdf9g2MwkW2arbJ15bIftsyNWZw0m2C27Zw/s0blznpxn5+UzWnKGM0vsB5zXD5nknls=</latexit>

Can there be lighter HS states?

(J>2)

�µ1···µJ
<latexit sha1_base64="LE+6dfMCneAraKjwIe9yaVWquOE=">AAACC3icbVC7TsNAEDzzDOFloKCgOREhUUU2IEEZQYOogkQeUmys82WTnHJ+6G6NFFn+BL6CFio6RMtHUPAv2CYFJEw1mtnV7owfS6HRsj6NhcWl5ZXVylp1fWNza9vc2W3rKFEcWjySker6TIMUIbRQoIRurIAFvoSOP74q/M4DKC2i8A4nMbgBG4ZiIDjDXPLMfac5EvepEySe7fB+hLqgN5ln1qy6VYLOE3tKamSKpmd+Of2IJwGEyCXTumdbMbopUyi4hKzqJBpixsdsCL2chiwA7aZlgIweJZphRGNQVEhaivB7I2WB1pPAzycDhiM96xXif14vwcGFm4owThBCXhxCIaE8pLkSeTNA+0IBIis+BypCypliiKAEZZznYpJXVc37sGfTz5P2Sd0+rVu3Z7XG5bSZCjkgh+SY2OScNMg1aZIW4SQjT+SZvBiPxqvxZrz/jC4Y05098gfGxzffeJsZ</latexit>

Interactions grow with E . 1

LHS
<latexit sha1_base64="NJCyS8eu4IPaRF7Tjgn/Jo5sIX0=">AAACDnicbVDLSgNBEJz1GeMr6k0vg0HwFHZVfNyCIuTgIaIxQhJC76QTB2cfzPQKYVnwE/wKr3ryJl79BQ/+i7trEF91Kqq66a5yQyUN2fabNTY+MTk1XZgpzs7NLyyWlpYvTBBpgQ0RqEBfumBQSR8bJEnhZagRPFdh070+yvzmDWojA/+chiF2PBj4si8FUCp1S6vHbYXGGOnxdl+DiJ0kPunGtbMk6ZbKdsXOwf8SZ0TKbIR6t/Te7gUi8tAnocCYlmOH1IlBkxQKk2I7MhiCuIYBtlLqg4emE+cZEr4RGaCAh6i5VDwX8ftGDJ4xQ89NJz2gK/Pby8T/vFZE/f1OLP0wIvRFdoikwvyQEVqm5SDvSY1EkH2OXPpcgAYi1JKDEKkYpW0V8z4OMux+pf9LLrYqznZl+3SnXD0cNVNga2ydbTKH7bEqq7E6azDBbtk9e2CP1p31ZD1bL5+jY9ZoZ4X9gPX6ATUinIM=</latexit>

A(�� ! ��) / s2

m4
HS

+ · · ·+ s2J

m4J
HS

<latexit sha1_base64="PUOCM5mkRVPEB++dnWTi/TyEakE="></latexit>

c2
<latexit sha1_base64="marYyA7IpFEku4wQkemBWxXAoMQ=">AAAB9XicbVC5TsNAFFyHK4QrQEmzIkKiiuzcdBE0lEGQQ0qsaL15CausD+0+g6Ion0ALFR2i5Xso+Bdsx0JcU41m3tObN04ghUbTfDcyK6tr6xvZzdzW9s7uXn7/oKP9UHFoc1/6qucwDVJ40EaBEnqBAuY6ErrO9CL2u3egtPC9G5wFYLts4omx4Awj6ZoPS8N8wSyeVUsV06JmsdqoN8xaRMwE1EpJgaRoDfMfg5HPQxc85JJp3bfMAO05Uyi4hEVuEGoIGJ+yCfQj6jEXtD1Poi7oSagZ+jQARYWkiQjfN+bM1XrmOtGky/BW//Zi8T+vH+K4Yc+FF4QIHo8PoZCQHNJciagDoCOhAJHFyYEKj3KmGCIoQRnnkRhGpeSWfcSofX3/l3RKRatcLF9VCs3ztJksOSLH5JRYpE6a5JK0SJtwMiEP5JE8GffGs/FivC5HM0a6c0h+wHj7BP6Akn8=</latexit>

c2J
<latexit sha1_base64="yMANQdcH/S6DRe/dN4CsJ893W6g=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJyrLzpougQVRBIglSEkXnyyYcOT90t0YKVv6BFio6RMvfUPAv2ImFeE01mtnVzo4TSKHRst6NzNLyyupadj23sbm1vZPf3WtrP1QcWtyXvrp2mAYpPGihQAnXgQLmOhI6zuQs8Tt3oLTwvSucBtB32dgTI8EZxlKbD6LixWyQL1jmSaVYtmxqmZV6rW5VY2LNQe2UFEiK5iD/0Rv6PHTBQy6Z1l3bCrAfMYWCS5jleqGGgPEJG0M3ph5zQfejedoZPQo1Q58GoKiQdC7C942IuVpPXSeedBne6N9eIv7ndUMc1fuR8IIQwePJIRQS5oc0VyKuAehQKEBkSXKgwqOcKYYISlDGeSyGcS+5RR8Jql/f/yXtommXzNJludA4TZvJkgNySI6JTWqkQc5Jk7QIJ7fkgTySJ+PeeDZejNfFaMZId/bJDxhvn2fPk98=</latexit>

/
<latexit sha1_base64="Pm8u+Xk0h9v8Zr9Jh1GOhEJyFy0=">AAAB+XicbVDLTsJAFJ3iC/GFunQzkZi4alohIDuiG5eYiJAAIdPhghOm7WTm1oQ0fIRbXbkzbv0aF/6Lba3G11mdnHNv7rnHU1IYdJxXq7C0vLK6VlwvbWxube+Ud/euTRhpDh0eylD3PGZAigA6KFBCT2lgvieh683OU797C9qIMLjCuYKhz6aBmAjOMJG6A6VDheGoXHFtJwN17IbTrFXrCcmVT6tCcrRH5bfBOOSRDwFyyYzpu47CYcw0Ci5hURpEBhTjMzaFfkID5oMZxlncBT2KDMOQKtBUSJqJ8H0jZr4xc99LJn2GN+a3l4r/ef0IJ6fDWAQqQgh4egiFhOyQ4VokPQAdCw2ILE0OVASUM80QQQvKOE/EKCmmlPTh2M0U9a/v/5LrE9ut2tXLWqV1ljdTJAfkkBwTlzRIi1yQNukQTmbkjtyTByu2Hq0n6/ljtGDlO/vkB6yXd6TQlJo=</latexit> > s̄2J�2

<latexit sha1_base64="vPU7hZBJRA3xUY2pcuuFnKP5LHk=">AAACAHicbVC5TsNAEF2HK4QrQEmzIkKiwXISwtEgBA2iAokAUi6NN5OwYn1od4wUWWn4Clqo6BAtf0LBv2CbgLhe9fTejObNc0MlDTnOq5UbG5+YnMpPF2Zm5+YXiotL5yaItMC6CFSgL10wqKSPdZKk8DLUCJ6r8MK9Pkz9ixvURgb+GQ1CbHnQ92VPCqBEau81XdDctOPK8UZl2CmWyraTgTv2Vm2ztl1LyEj5tEpshJNO8a3ZDUTkoU9CgTGNshNSKwZNUigcFpqRwRDENfSxkVAfPDStOEs95GuRAQp4iJpLxTMRv2/E4Bkz8Nxk0gO6Mr+9VPzPa0TU22nF0g8jQl+kh0gqzA4ZoWVSB/Ku1EgEaXLk0ucCNBChlhyESMQo6aeQ9OHYuym2vr7/S84rdrlqV083S/sHo2bybIWtsnVWZttsnx2xE1Zngml2x+7Zg3VrPVpP1vPHaM4a7SyzH7Be3gE2UJZ2</latexit>

mHS & 1

LHS
<latexit sha1_base64="2i5PZBGESN/WBHXbGfWjFvJy6yM="></latexit>

Higher Spin always heavier than their size-1

<latexit sha1_base64="G+9boq8J9biU/FYN/PgfoiCpNZQ=">AAAB+3icdVC7TgJBFJ31ifhCLW0mEhOrdRZBoCNiYWEBiSAGCZkdLjph9pGZuyZkw1fYamVnbP0YC//FXcREjZ7q5Jx7c889bqikQcberLn5hcWl5cxKdnVtfWMzt7XdNkGkBbREoALdcbkBJX1ooUQFnVAD91wFl+6onvqXd6CNDPwLHIfQ8/iNL4dScEykK+fwvB8366eTfi7P7GrluFQ5osx2ClVWdFJSLJULjDo2myJPZmj0c+/Xg0BEHvgoFDem67AQezHXKIWCSfY6MhByMeI30E2ozz0wvXgaeEL3I8MxoCFoKhWdivB9I+aeMWPPTSY9jrfmt5eKf3ndCIeVXiz9MELwRXoIpYLpISO0TJoAOpAaEHmaHKj0qeCaI4KWlAuRiFFSTTbp4+tp+j9pF2ynZLNmMV87mTWTIbtkjxwQh5RJjZyRBmkRQTxyTx7IozWxnqxn6+VzdM6a7eyQH7BePwDizpSD</latexit>

1/LQCD



3. Non forward & Gravity



Finite-t
NON-Forward = no bounds?

Bellazzini,Riembau,FR’to appear

Tolley,Wang,Zhou’20; Caron-Huot,Mazac,

Rastelli,Simons-Duffin’,vanDuong `20-’21

<latexit sha1_base64="2kWzUN46lmSM8E6bm+t7rwv5cRE="></latexit>

A(s, t) = c0 + c2s
2 + c4s

4 + · · ·+ c2,1s
2t+ c2,2s

2t2 + · · ·
Galileon Nicolois,Rattazzi,Trincherini’08

(appears in massive/modified gravity)

-1/2<  <1
>0

If A(s,t) analytic*: arcs at t≠0 !
<latexit sha1_base64="n0ENhAcxNht3wmKPRfqdNFrsH4I="></latexit>
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*Proved for lightest particle in theory, not in general
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<latexit sha1_base64="eaaJH3GJ5CHIE56VkMCGTvKWRXI=">AAACB3icdVDLSsNAFJ3Ud31VXboZLIJQCUlste5ENy4VbCu0IUymt3Xo5MHMjVBCP8CvcKsrd+LWz3Dhv5jECip6Vodz7uWee/xYCo2W9WaUZmbn5hcWl8rLK6tr65WNzbaOEsWhxSMZqWufaZAihBYKlHAdK2CBL6Hjj85yv3MLSosovMJxDG7AhqEYCM4wk7zKFvecGvdSZ9+eYK3H+xFqr1K1zOPmYaN5QC3Tdo6tup2TeuPIsahtWgWqZIoLr/Le60c8CSBELpnWXduK0U2ZQsElTMq9REPM+IgNoZvRkAWg3bQIP6G7iWYY0RgUFZIWInzfSFmg9Tjws8mA4Y3+7eXiX143wUHTTUUYJwghzw+hkFAc0lyJrBWgfaEAkeXJgYqQcqYYIihBGeeZmGQ1lbM+vp6m/5O2Y9qHZv2yXj05nTazSLbJDtkjNjkiJ+ScXJAW4WRM7skDeTTujCfj2Xj5HC0Z050t8gPG6werNJjC</latexit>

c2 + c2,1t+ · · ·
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4

<latexit sha1_base64="N8aDm3dY3oM7DNQWJlbi5EaZr3M=">AAACBXicbVC7TgJBFJ3FF+ILtLSZSEyscJcQtURtLDGRRwJkc3e44ITZR2buasiG2q+w1crO2PodFv6Lu0ih6KlOzrk399zjRUoasu0PK7e0vLK6ll8vbGxube8US7stE8ZaYFOEKtQdDwwqGWCTJCnsRBrB9xS2vfFl5rfvUBsZBjc0ibDvwyiQQymAUsktlno+0K0AlZxPXftYuFW3WLYr9gz8L3HmpMzmaLjFz94gFLGPAQkFxnQdO6J+ApqkUDgt9GKDEYgxjLCb0gB8NP1kFn3KD2MDFPIINZeKz0T8uZGAb8zE99LJLKhZ9DLxP68b0/Csn8ggigkDkR0iqXB2yAgt006QD6RGIsiSI5cBF6CBCLXkIEQqxmlJhbQPZ/H7v6RVrTgnldp1rVy/mDeTZ/vsgB0xh52yOrtiDdZkgt2zR/bEnq0H68V6td6+R3PWfGeP/YL1/gVaoJgE</latexit>

A0/c2
<latexit sha1_base64="k4WJQFx8Tq5HJ3LmhO6AgvP68ag=">AAAB+3icbVC7TsNAEDzzDOEVoKQ5ESFRBRtFQBlBQxkk8kBJFK0vm3DK+aG7NVJk+StooaJDtHwMBf+CbVxAwlSjmV3t7LihkoZs+9NaWl5ZXVsvbZQ3t7Z3dit7+20TRFpgSwQq0F0XDCrpY4skKeyGGsFzFXbc6XXmdx5RGxn4dzQLceDBxJdjKYBS6Z5O+y7o2CTDStWu2Tn4InEKUmUFmsPKV38UiMhDn4QCY3qOHdIgBk1SKEzK/chgCGIKE+yl1AcPzSDOAyf8ODJAAQ9Rc6l4LuLvjRg8Y2aem056QA9m3svE/7xeROPLQSz9MCL0RXaIpML8kBFapk0gH0mNRJAlRy59LkADEWrJQYhUjNJqymkfzvz3i6R9VnPOa/XberVxVTRTYofsiJ0wh12wBrthTdZignnsiT2zFyuxXq036/1ndMkqdg7YH1gf36iIlQE=</latexit>

t/s̄-1.0 -0.8 -0.6 -0.4 -0.2
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-2

2

4
<latexit sha1_base64="N8aDm3dY3oM7DNQWJlbi5EaZr3M=">AAACBXicbVC7TgJBFJ3FF+ILtLSZSEyscJcQtURtLDGRRwJkc3e44ITZR2buasiG2q+w1crO2PodFv6Lu0ih6KlOzrk399zjRUoasu0PK7e0vLK6ll8vbGxube8US7stE8ZaYFOEKtQdDwwqGWCTJCnsRBrB9xS2vfFl5rfvUBsZBjc0ibDvwyiQQymAUsktlno+0K0AlZxPXftYuFW3WLYr9gz8L3HmpMzmaLjFz94gFLGPAQkFxnQdO6J+ApqkUDgt9GKDEYgxjLCb0gB8NP1kFn3KD2MDFPIINZeKz0T8uZGAb8zE99LJLKhZ9DLxP68b0/Csn8ggigkDkR0iqXB2yAgt006QD6RGIsiSI5cBF6CBCLXkIEQqxmlJhbQPZ/H7v6RVrTgnldp1rVy/mDeTZ/vsgB0xh52yOrtiDdZkgt2zR/bEnq0H68V6td6+R3PWfGeP/YL1/gVaoJgE</latexit>

A0/c2
<latexit sha1_base64="k4WJQFx8Tq5HJ3LmhO6AgvP68ag=">AAAB+3icbVC7TsNAEDzzDOEVoKQ5ESFRBRtFQBlBQxkk8kBJFK0vm3DK+aG7NVJk+StooaJDtHwMBf+CbVxAwlSjmV3t7LihkoZs+9NaWl5ZXVsvbZQ3t7Z3dit7+20TRFpgSwQq0F0XDCrpY4skKeyGGsFzFXbc6XXmdx5RGxn4dzQLceDBxJdjKYBS6Z5O+y7o2CTDStWu2Tn4InEKUmUFmsPKV38UiMhDn4QCY3qOHdIgBk1SKEzK/chgCGIKE+yl1AcPzSDOAyf8ODJAAQ9Rc6l4LuLvjRg8Y2aem056QA9m3svE/7xeROPLQSz9MCL0RXaIpML8kBFapk0gH0mNRJAlRy59LkADEWrJQYhUjNJqymkfzvz3i6R9VnPOa/XberVxVTRTYofsiJ0wh12wBrthTdZignnsiT2zFyuxXq036/1ndMkqdg7YH1gf36iIlQE=</latexit>

t/s̄
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Finite-t
NON-Forward = no bounds?

Bellazzini,Riembau,FR’to appear

Tolley,Wang,Zhou’20; Caron-Huot,Mazac,

Rastelli,Simons-Duffin’,vanDuong `20-’21

<latexit sha1_base64="2kWzUN46lmSM8E6bm+t7rwv5cRE="></latexit>

A(s, t) = c0 + c2s
2 + c4s

4 + · · ·+ c2,1s
2t+ c2,2s

2t2 + · · ·
Galileon Nicolois,Rattazzi,Trincherini’08

(appears in massive/modified gravity)

If A(s,t) analytic*: arcs at t≠0 !

*Proved for lightest particle in theory, not in general

-1/2<  <1
>0<latexit sha1_base64="n0ENhAcxNht3wmKPRfqdNFrsH4I="></latexit>
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<latexit sha1_base64="eaaJH3GJ5CHIE56VkMCGTvKWRXI=">AAACB3icdVDLSsNAFJ3Ud31VXboZLIJQCUlste5ENy4VbCu0IUymt3Xo5MHMjVBCP8CvcKsrd+LWz3Dhv5jECip6Vodz7uWee/xYCo2W9WaUZmbn5hcWl8rLK6tr65WNzbaOEsWhxSMZqWufaZAihBYKlHAdK2CBL6Hjj85yv3MLSosovMJxDG7AhqEYCM4wk7zKFvecGvdSZ9+eYK3H+xFqr1K1zOPmYaN5QC3Tdo6tup2TeuPIsahtWgWqZIoLr/Le60c8CSBELpnWXduK0U2ZQsElTMq9REPM+IgNoZvRkAWg3bQIP6G7iWYY0RgUFZIWInzfSFmg9Tjws8mA4Y3+7eXiX143wUHTTUUYJwghzw+hkFAc0lyJrBWgfaEAkeXJgYqQcqYYIihBGeeZmGQ1lbM+vp6m/5O2Y9qHZv2yXj05nTazSLbJDtkjNjkiJ+ScXJAW4WRM7skDeTTujCfj2Xj5HC0Z050t8gPG6werNJjC</latexit>

c2 + c2,1t+ · · ·

<latexit sha1_base64="N8aDm3dY3oM7DNQWJlbi5EaZr3M=">AAACBXicbVC7TgJBFJ3FF+ILtLSZSEyscJcQtURtLDGRRwJkc3e44ITZR2buasiG2q+w1crO2PodFv6Lu0ih6KlOzrk399zjRUoasu0PK7e0vLK6ll8vbGxube8US7stE8ZaYFOEKtQdDwwqGWCTJCnsRBrB9xS2vfFl5rfvUBsZBjc0ibDvwyiQQymAUsktlno+0K0AlZxPXftYuFW3WLYr9gz8L3HmpMzmaLjFz94gFLGPAQkFxnQdO6J+ApqkUDgt9GKDEYgxjLCb0gB8NP1kFn3KD2MDFPIINZeKz0T8uZGAb8zE99LJLKhZ9DLxP68b0/Csn8ggigkDkR0iqXB2yAgt006QD6RGIsiSI5cBF6CBCLXkIEQqxmlJhbQPZ/H7v6RVrTgnldp1rVy/mDeTZ/vsgB0xh52yOrtiDdZkgt2zR/bEnq0H68V6td6+R3PWfGeP/YL1/gVaoJgE</latexit>

A0/c2
<latexit sha1_base64="k4WJQFx8Tq5HJ3LmhO6AgvP68ag=">AAAB+3icbVC7TsNAEDzzDOEVoKQ5ESFRBRtFQBlBQxkk8kBJFK0vm3DK+aG7NVJk+StooaJDtHwMBf+CbVxAwlSjmV3t7LihkoZs+9NaWl5ZXVsvbZQ3t7Z3dit7+20TRFpgSwQq0F0XDCrpY4skKeyGGsFzFXbc6XXmdx5RGxn4dzQLceDBxJdjKYBS6Z5O+y7o2CTDStWu2Tn4InEKUmUFmsPKV38UiMhDn4QCY3qOHdIgBk1SKEzK/chgCGIKE+yl1AcPzSDOAyf8ODJAAQ9Rc6l4LuLvjRg8Y2aem056QA9m3svE/7xeROPLQSz9MCL0RXaIpML8kBFapk0gH0mNRJAlRy59LkADEWrJQYhUjNJqymkfzvz3i6R9VnPOa/XberVxVTRTYofsiJ0wh12wBrthTdZignnsiT2zFyuxXq036/1ndMkqdg7YH1gf36iIlQE=</latexit>

t/s̄

<latexit sha1_base64="p+WbeBoBYsucnFtYtlgF2aFKpmE=">AAACDnicbVC7TsNAEDzzDOEVoIPmRIREAZFtEFBQRNBQgkQSpCSy1pdNOOX80N0aCVmW+AS+ghYqOkTLL1DwLzghBSRMNZrZ1e6MHytpyLY/ranpmdm5+cJCcXFpeWW1tLZeN1GiBdZEpCJ944NBJUOskSSFN7FGCHyFDb9/PvAbd6iNjMJruo+xHUAvlF0pgHLJK23ut7oaRHqQpW4mPJefcuGl7p6TGa9Utiv2EHySOCNSZiNceqWvVicSSYAhCQXGNB07pnYKmqRQmBVbicEYRB962MxpCAGadjrMkPGdxABFPEbNpeJDEX9vpBAYcx/4+WQAdGvGvYH4n9dMqHvSTmUYJ4ShGBwiqXB4yAgt83KQd6RGIhh8jlyGXIAGItSSgxC5mORtFfM+nPH0k6TuVpyjyuHVYbl6NmqmwLbYNttlDjtmVXbBLlmNCfbAntgze7EerVfrzXr/GZ2yRjsb7A+sj2/R2Jrj</latexit>

�3

2
c2 < c2,1s
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Finite-t
NON-Forward = no bounds?

Bellazzini,Riembau,FR’to appear

Tolley,Wang,Zhou’20; Caron-Huot,Mazac,

Rastelli,Simons-Duffin’,vanDuong `20-’21

<latexit sha1_base64="2kWzUN46lmSM8E6bm+t7rwv5cRE="></latexit>

A(s, t) = c0 + c2s
2 + c4s

4 + · · ·+ c2,1s
2t+ c2,2s

2t2 + · · ·
Galileon Nicolois,Rattazzi,Trincherini’08

(appears in massive/modified gravity)

If A(s,t) analytic*: arcs at t≠0 !

*Proved for lightest particle in theory, not in general

-1/2<  <1
>0<latexit sha1_base64="n0ENhAcxNht3wmKPRfqdNFrsH4I="></latexit>

A0(t) ⌘
Z

\s̄t

ds

⇡i

A(s, t)

(s+ t
2 )

3
=

2

⇡

Z 1

s̄
ds

X

`

Imf`(s)
P`(1 +

2t
s )

(s+ t
2 )

3

<latexit sha1_base64="eaaJH3GJ5CHIE56VkMCGTvKWRXI=">AAACB3icdVDLSsNAFJ3Ud31VXboZLIJQCUlste5ENy4VbCu0IUymt3Xo5MHMjVBCP8CvcKsrd+LWz3Dhv5jECip6Vodz7uWee/xYCo2W9WaUZmbn5hcWl8rLK6tr65WNzbaOEsWhxSMZqWufaZAihBYKlHAdK2CBL6Hjj85yv3MLSosovMJxDG7AhqEYCM4wk7zKFvecGvdSZ9+eYK3H+xFqr1K1zOPmYaN5QC3Tdo6tup2TeuPIsahtWgWqZIoLr/Le60c8CSBELpnWXduK0U2ZQsElTMq9REPM+IgNoZvRkAWg3bQIP6G7iWYY0RgUFZIWInzfSFmg9Tjws8mA4Y3+7eXiX143wUHTTUUYJwghzw+hkFAc0lyJrBWgfaEAkeXJgYqQcqYYIihBGeeZmGQ1lbM+vp6m/5O2Y9qHZv2yXj05nTazSLbJDtkjNjkiJ+ScXJAW4WRM7skDeTTujCfj2Xj5HC0Z050t8gPG6werNJjC</latexit>

c2 + c2,1t+ · · ·

<latexit sha1_base64="N8aDm3dY3oM7DNQWJlbi5EaZr3M=">AAACBXicbVC7TgJBFJ3FF+ILtLSZSEyscJcQtURtLDGRRwJkc3e44ITZR2buasiG2q+w1crO2PodFv6Lu0ih6KlOzrk399zjRUoasu0PK7e0vLK6ll8vbGxube8US7stE8ZaYFOEKtQdDwwqGWCTJCnsRBrB9xS2vfFl5rfvUBsZBjc0ibDvwyiQQymAUsktlno+0K0AlZxPXftYuFW3WLYr9gz8L3HmpMzmaLjFz94gFLGPAQkFxnQdO6J+ApqkUDgt9GKDEYgxjLCb0gB8NP1kFn3KD2MDFPIINZeKz0T8uZGAb8zE99LJLKhZ9DLxP68b0/Csn8ggigkDkR0iqXB2yAgt006QD6RGIsiSI5cBF6CBCLXkIEQqxmlJhbQPZ/H7v6RVrTgnldp1rVy/mDeTZ/vsgB0xh52yOrtiDdZkgt2zR/bEnq0H68V6td6+R3PWfGeP/YL1/gVaoJgE</latexit>

A0/c2
<latexit sha1_base64="k4WJQFx8Tq5HJ3LmhO6AgvP68ag=">AAAB+3icbVC7TsNAEDzzDOEVoKQ5ESFRBRtFQBlBQxkk8kBJFK0vm3DK+aG7NVJk+StooaJDtHwMBf+CbVxAwlSjmV3t7LihkoZs+9NaWl5ZXVsvbZQ3t7Z3dit7+20TRFpgSwQq0F0XDCrpY4skKeyGGsFzFXbc6XXmdx5RGxn4dzQLceDBxJdjKYBS6Z5O+y7o2CTDStWu2Tn4InEKUmUFmsPKV38UiMhDn4QCY3qOHdIgBk1SKEzK/chgCGIKE+yl1AcPzSDOAyf8ODJAAQ9Rc6l4LuLvjRg8Y2aem056QA9m3svE/7xeROPLQSz9MCL0RXaIpML8kBFapk0gH0mNRJAlRy59LkADEWrJQYhUjNJqymkfzvz3i6R9VnPOa/XberVxVTRTYofsiJ0wh12wBrthTdZignnsiT2zFyuxXq036/1ndMkqdg7YH1gf36iIlQE=</latexit>

t/s̄

<latexit sha1_base64="p+WbeBoBYsucnFtYtlgF2aFKpmE=">AAACDnicbVC7TsNAEDzzDOEVoIPmRIREAZFtEFBQRNBQgkQSpCSy1pdNOOX80N0aCVmW+AS+ghYqOkTLL1DwLzghBSRMNZrZ1e6MHytpyLY/ranpmdm5+cJCcXFpeWW1tLZeN1GiBdZEpCJ944NBJUOskSSFN7FGCHyFDb9/PvAbd6iNjMJruo+xHUAvlF0pgHLJK23ut7oaRHqQpW4mPJefcuGl7p6TGa9Utiv2EHySOCNSZiNceqWvVicSSYAhCQXGNB07pnYKmqRQmBVbicEYRB962MxpCAGadjrMkPGdxABFPEbNpeJDEX9vpBAYcx/4+WQAdGvGvYH4n9dMqHvSTmUYJ4ShGBwiqXB4yAgt83KQd6RGIhh8jlyGXIAGItSSgxC5mORtFfM+nPH0k6TuVpyjyuHVYbl6NmqmwLbYNttlDjtmVXbBLlmNCfbAntgze7EerVfrzXr/GZ2yRjsb7A+sj2/R2Jrj</latexit>

�3

2
c2 < c2,1s

<latexit sha1_base64="TmCm7T0LHREs2Rx/OW5sQkV9qr4=">AAACAHicbVC7TsNAEDzzDOEVoKQ5ESFRRXYUHmUEDWWQyENKTHS+bMIpd2frbo0URWn4Clqo6BAtf0LBv2AbF5Aw1WhmVzs7QSSFRdf9dJaWV1bX1gsbxc2t7Z3d0t5+y4ax4dDkoQxNJ2AWpNDQRIESOpEBpgIJ7WB8lfrtBzBWhPoWJxH4io20GArOMJHuehKstULRU8r71X6p7FbcDHSReDkpkxyNfumrNwh5rEAjl8zarudG6E+ZQcElzIq92ELE+JiNoJtQzRRYf5qlntHj2DIMaQSGCkkzEX5vTJmydqKCZFIxvLfzXir+53VjHF74U6GjGEHz9BAKCdkhy41I6gA6EAYQWZocqNCUM8MQwQjKOE/EOOmnmPThzX+/SFrVindWqd3UyvXLvJkCOSRH5IR45JzUyTVpkCbhxJAn8kxenEfn1Xlz3n9Gl5x854D8gfPxDUFallk=</latexit>. 5c2
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Finite-t
NON-Forward = no bounds?

Bellazzini,Riembau,FR’to appear

Tolley,Wang,Zhou’20; Caron-Huot,Mazac,

Rastelli,Simons-Duffin’,vanDuong `20-’21

<latexit sha1_base64="2kWzUN46lmSM8E6bm+t7rwv5cRE="></latexit>

A(s, t) = c0 + c2s
2 + c4s

4 + · · ·+ c2,1s
2t+ c2,2s

2t2 + · · ·
Galileon Nicolois,Rattazzi,Trincherini’08

(appears in massive/modified gravity)

If A(s,t) analytic*: arcs at t≠0 !

*Proved for lightest particle in theory, not in general

-1/2<  <1
>0<latexit sha1_base64="n0ENhAcxNht3wmKPRfqdNFrsH4I="></latexit>

A0(t) ⌘
Z

\s̄t

ds

⇡i

A(s, t)

(s+ t
2 )

3
=

2

⇡

Z 1

s̄
ds

X

`

Imf`(s)
P`(1 +

2t
s )

(s+ t
2 )

3

<latexit sha1_base64="eaaJH3GJ5CHIE56VkMCGTvKWRXI=">AAACB3icdVDLSsNAFJ3Ud31VXboZLIJQCUlste5ENy4VbCu0IUymt3Xo5MHMjVBCP8CvcKsrd+LWz3Dhv5jECip6Vodz7uWee/xYCo2W9WaUZmbn5hcWl8rLK6tr65WNzbaOEsWhxSMZqWufaZAihBYKlHAdK2CBL6Hjj85yv3MLSosovMJxDG7AhqEYCM4wk7zKFvecGvdSZ9+eYK3H+xFqr1K1zOPmYaN5QC3Tdo6tup2TeuPIsahtWgWqZIoLr/Le60c8CSBELpnWXduK0U2ZQsElTMq9REPM+IgNoZvRkAWg3bQIP6G7iWYY0RgUFZIWInzfSFmg9Tjws8mA4Y3+7eXiX143wUHTTUUYJwghzw+hkFAc0lyJrBWgfaEAkeXJgYqQcqYYIihBGeeZmGQ1lbM+vp6m/5O2Y9qHZv2yXj05nTazSLbJDtkjNjkiJ+ScXJAW4WRM7skDeTTujCfj2Xj5HC0Z050t8gPG6werNJjC</latexit>

c2 + c2,1t+ · · ·

<latexit sha1_base64="N8aDm3dY3oM7DNQWJlbi5EaZr3M=">AAACBXicbVC7TgJBFJ3FF+ILtLSZSEyscJcQtURtLDGRRwJkc3e44ITZR2buasiG2q+w1crO2PodFv6Lu0ih6KlOzrk399zjRUoasu0PK7e0vLK6ll8vbGxube8US7stE8ZaYFOEKtQdDwwqGWCTJCnsRBrB9xS2vfFl5rfvUBsZBjc0ibDvwyiQQymAUsktlno+0K0AlZxPXftYuFW3WLYr9gz8L3HmpMzmaLjFz94gFLGPAQkFxnQdO6J+ApqkUDgt9GKDEYgxjLCb0gB8NP1kFn3KD2MDFPIINZeKz0T8uZGAb8zE99LJLKhZ9DLxP68b0/Csn8ggigkDkR0iqXB2yAgt006QD6RGIsiSI5cBF6CBCLXkIEQqxmlJhbQPZ/H7v6RVrTgnldp1rVy/mDeTZ/vsgB0xh52yOrtiDdZkgt2zR/bEnq0H68V6td6+R3PWfGeP/YL1/gVaoJgE</latexit>

A0/c2
<latexit sha1_base64="k4WJQFx8Tq5HJ3LmhO6AgvP68ag=">AAAB+3icbVC7TsNAEDzzDOEVoKQ5ESFRBRtFQBlBQxkk8kBJFK0vm3DK+aG7NVJk+StooaJDtHwMBf+CbVxAwlSjmV3t7LihkoZs+9NaWl5ZXVsvbZQ3t7Z3dit7+20TRFpgSwQq0F0XDCrpY4skKeyGGsFzFXbc6XXmdx5RGxn4dzQLceDBxJdjKYBS6Z5O+y7o2CTDStWu2Tn4InEKUmUFmsPKV38UiMhDn4QCY3qOHdIgBk1SKEzK/chgCGIKE+yl1AcPzSDOAyf8ODJAAQ9Rc6l4LuLvjRg8Y2aem056QA9m3svE/7xeROPLQSz9MCL0RXaIpML8kBFapk0gH0mNRJAlRy59LkADEWrJQYhUjNJqymkfzvz3i6R9VnPOa/XberVxVTRTYofsiJ0wh12wBrthTdZignnsiT2zFyuxXq036/1ndMkqdg7YH1gf36iIlQE=</latexit>

t/s̄

<latexit sha1_base64="p+WbeBoBYsucnFtYtlgF2aFKpmE=">AAACDnicbVC7TsNAEDzzDOEVoIPmRIREAZFtEFBQRNBQgkQSpCSy1pdNOOX80N0aCVmW+AS+ghYqOkTLL1DwLzghBSRMNZrZ1e6MHytpyLY/ranpmdm5+cJCcXFpeWW1tLZeN1GiBdZEpCJ944NBJUOskSSFN7FGCHyFDb9/PvAbd6iNjMJruo+xHUAvlF0pgHLJK23ut7oaRHqQpW4mPJefcuGl7p6TGa9Utiv2EHySOCNSZiNceqWvVicSSYAhCQXGNB07pnYKmqRQmBVbicEYRB962MxpCAGadjrMkPGdxABFPEbNpeJDEX9vpBAYcx/4+WQAdGvGvYH4n9dMqHvSTmUYJ4ShGBwiqXB4yAgt83KQd6RGIhh8jlyGXIAGItSSgxC5mORtFfM+nPH0k6TuVpyjyuHVYbl6NmqmwLbYNttlDjtmVXbBLlmNCfbAntgze7EerVfrzXr/GZ2yRjsb7A+sj2/R2Jrj</latexit>

�3

2
c2 < c2,1s

<latexit sha1_base64="y++k6yb8s+AoJq+RUh7nkdu0GNk=">AAAB/HicbVC7TsNAEDyHVwivACXNiQiJyrIjIBQUETSUQSIPkVjR+bIJp5zP1t0aKYrCV9BCRYdo+RcK/gXbuICEqUYzu9rZ8SMpDDrOp1VYWl5ZXSuulzY2t7Z3yrt7LRPGmkOThzLUHZ8ZkEJBEwVK6EQaWOBLaPvjq9RvP4A2IlS3OInAC9hIiaHgDBPp7oKe2m6N8n61X644tpOBLhI3JxWSo9Evf/UGIY8DUMglM6brOhF6U6ZRcAmzUi82EDE+ZiPoJlSxAIw3zRLP6FFsGIY0Ak2FpJkIvzemLDBmEvjJZMDw3sx7qfif141xeO5NhYpiBMXTQygkZIcM1yKpAuhAaEBkaXKgQlHONEMELSjjPBHjpJtS0oc7//0iaVVt98w+uTmp1C/zZorkgBySY+KSGqmTa9IgTcKJIk/kmbxYj9ar9Wa9/4wWrHxnn/yB9fENnkiTpw==</latexit>

< 5.17c2

Galileons have small cutoff!



-1.0 -0.8 -0.6 -0.4 -0.2

-4

-2

2

4

Finite-tBellazzini,Riembau,FR’to appear

Tolley,Wang,Zhou’20; Caron-Huot,Mazac,
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*Proved for lightest particle in theory, not in general

-1/2<  <1
<latexit sha1_base64="n0ENhAcxNht3wmKPRfqdNFrsH4I="></latexit>

A0(t) ⌘
Z
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2

⇡

Z 1
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<latexit sha1_base64="eaaJH3GJ5CHIE56VkMCGTvKWRXI=">AAACB3icdVDLSsNAFJ3Ud31VXboZLIJQCUlste5ENy4VbCu0IUymt3Xo5MHMjVBCP8CvcKsrd+LWz3Dhv5jECip6Vodz7uWee/xYCo2W9WaUZmbn5hcWl8rLK6tr65WNzbaOEsWhxSMZqWufaZAihBYKlHAdK2CBL6Hjj85yv3MLSosovMJxDG7AhqEYCM4wk7zKFvecGvdSZ9+eYK3H+xFqr1K1zOPmYaN5QC3Tdo6tup2TeuPIsahtWgWqZIoLr/Le60c8CSBELpnWXduK0U2ZQsElTMq9REPM+IgNoZvRkAWg3bQIP6G7iWYY0RgUFZIWInzfSFmg9Tjws8mA4Y3+7eXiX143wUHTTUUYJwghzw+hkFAc0lyJrBWgfaEAkeXJgYqQcqYYIihBGeeZmGQ1lbM+vp6m/5O2Y9qHZv2yXj05nTazSLbJDtkjNjkiJ+ScXJAW4WRM7skDeTTujCfj2Xj5HC0Z050t8gPG6werNJjC</latexit>

c2 + c2,1t+ · · ·

<latexit sha1_base64="N8aDm3dY3oM7DNQWJlbi5EaZr3M=">AAACBXicbVC7TgJBFJ3FF+ILtLSZSEyscJcQtURtLDGRRwJkc3e44ITZR2buasiG2q+w1crO2PodFv6Lu0ih6KlOzrk399zjRUoasu0PK7e0vLK6ll8vbGxube8US7stE8ZaYFOEKtQdDwwqGWCTJCnsRBrB9xS2vfFl5rfvUBsZBjc0ibDvwyiQQymAUsktlno+0K0AlZxPXftYuFW3WLYr9gz8L3HmpMzmaLjFz94gFLGPAQkFxnQdO6J+ApqkUDgt9GKDEYgxjLCb0gB8NP1kFn3KD2MDFPIINZeKz0T8uZGAb8zE99LJLKhZ9DLxP68b0/Csn8ggigkDkR0iqXB2yAgt006QD6RGIsiSI5cBF6CBCLXkIEQqxmlJhbQPZ/H7v6RVrTgnldp1rVy/mDeTZ/vsgB0xh52yOrtiDdZkgt2zR/bEnq0H68V6td6+R3PWfGeP/YL1/gVaoJgE</latexit>

A0/c2
<latexit sha1_base64="k4WJQFx8Tq5HJ3LmhO6AgvP68ag=">AAAB+3icbVC7TsNAEDzzDOEVoKQ5ESFRBRtFQBlBQxkk8kBJFK0vm3DK+aG7NVJk+StooaJDtHwMBf+CbVxAwlSjmV3t7LihkoZs+9NaWl5ZXVsvbZQ3t7Z3dit7+20TRFpgSwQq0F0XDCrpY4skKeyGGsFzFXbc6XXmdx5RGxn4dzQLceDBxJdjKYBS6Z5O+y7o2CTDStWu2Tn4InEKUmUFmsPKV38UiMhDn4QCY3qOHdIgBk1SKEzK/chgCGIKE+yl1AcPzSDOAyf8ODJAAQ9Rc6l4LuLvjRg8Y2aem056QA9m3svE/7xeROPLQSz9MCL0RXaIpML8kBFapk0gH0mNRJAlRy59LkADEWrJQYhUjNJqymkfzvz3i6R9VnPOa/XberVxVTRTYofsiJ0wh12wBrthTdZignnsiT2zFyuxXq036/1ndMkqdg7YH1gf36iIlQE=</latexit>

t/s̄

<latexit sha1_base64="p+WbeBoBYsucnFtYtlgF2aFKpmE=">AAACDnicbVC7TsNAEDzzDOEVoIPmRIREAZFtEFBQRNBQgkQSpCSy1pdNOOX80N0aCVmW+AS+ghYqOkTLL1DwLzghBSRMNZrZ1e6MHytpyLY/ranpmdm5+cJCcXFpeWW1tLZeN1GiBdZEpCJ944NBJUOskSSFN7FGCHyFDb9/PvAbd6iNjMJruo+xHUAvlF0pgHLJK23ut7oaRHqQpW4mPJefcuGl7p6TGa9Utiv2EHySOCNSZiNceqWvVicSSYAhCQXGNB07pnYKmqRQmBVbicEYRB962MxpCAGadjrMkPGdxABFPEbNpeJDEX9vpBAYcx/4+WQAdGvGvYH4n9dMqHvSTmUYJ4ShGBwiqXB4yAgt83KQd6RGIhh8jlyGXIAGItSSgxC5mORtFfM+nPH0k6TuVpyjyuHVYbl6NmqmwLbYNttlDjtmVXbBLlmNCfbAntgze7EerVfrzXr/GZ2yRjsb7A+sj2/R2Jrj</latexit>

�3

2
c2 < c2,1s

<latexit sha1_base64="y++k6yb8s+AoJq+RUh7nkdu0GNk=">AAAB/HicbVC7TsNAEDyHVwivACXNiQiJyrIjIBQUETSUQSIPkVjR+bIJp5zP1t0aKYrCV9BCRYdo+RcK/gXbuICEqUYzu9rZ8SMpDDrOp1VYWl5ZXSuulzY2t7Z3yrt7LRPGmkOThzLUHZ8ZkEJBEwVK6EQaWOBLaPvjq9RvP4A2IlS3OInAC9hIiaHgDBPp7oKe2m6N8n61X644tpOBLhI3JxWSo9Evf/UGIY8DUMglM6brOhF6U6ZRcAmzUi82EDE+ZiPoJlSxAIw3zRLP6FFsGIY0Ak2FpJkIvzemLDBmEvjJZMDw3sx7qfif141xeO5NhYpiBMXTQygkZIcM1yKpAuhAaEBkaXKgQlHONEMELSjjPBHjpJtS0oc7//0iaVVt98w+uTmp1C/zZorkgBySY+KSGqmTa9IgTcKJIk/kmbxYj9ar9Wa9/4wWrHxnn/yB9fENnkiTpw==</latexit>

< 5.17c2

Galileons have small cutoff!

Saturated by
<latexit sha1_base64="OET2whFNjnJqanKL9dfMoDmLiv0=">AAAB+3icbVC7SgNBFJ2NrxhfUUubwSBYSNiVoDZC0MYygnlIsoTZyU0cMjO7zNwVQshX2GplJ7Z+jIX/4u66hSae6nDOvdxzTxBJYdF1P53C0vLK6lpxvbSxubW9U97da9kwNhyaPJSh6QTMghQamihQQicywFQgoR2Mr1O//QjGilDf4SQCX7GRFkPBGSbSfQ+kpJenJ7V+ueJW3Qx0kXg5qZAcjX75qzcIeaxAI5fM2q7nRuhPmUHBJcxKvdhCxPiYjaCbUM0UWH+aBZ7Ro9gyDGkEhgpJMxF+b0yZsnaigmRSMXyw814q/ud1Yxxe+FOhoxhB8/QQCgnZIcuNSJoAOhAGEFmaHKjQlDPDEMEIyjhPxDipppT04c1/v0hap1XvrFq7rVXqV3kzRXJADskx8cg5qZMb0iBNwokiT+SZvDgz59V5c95/RgtOvrNP/sD5+Ab0YZPq</latexit>

` = 2, 4

Lower bound 
t-dependent

(even smaller without particles 
 of spin 2,4 at cutoff)

<latexit sha1_base64="UocbUwC9c8t9ADjztUFxFwP1iJk=">AAAB9nicbVC7TsNAEFyHVwivACXNiQiJKrIRAsoIGsogkYeUWNH5sklOOT90t0ZEVn6BFio6RMvvUPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP2ibMNYCWyJUoe563KCSAbZIksJupJH7nsKON73J/M4DaiPD4J5mEbo+HwdyJAWnTOqjUoNqza7bOdgycQpSgwLNQfWrPwxF7GNAQnFjeo4dkZtwTVIonFf6scGIiykfYy+lAffRuEmedc5OYsMpZBFqJhXLRfy9kXDfmJnvpZM+p4lZ9DLxP68X0+jKTWQQxYSByA6RVJgfMkLLtARkQ6mRiGfJkcmACa45EWrJuBCpGKetVNI+nMXvl0n7rO5c1M/vzmuN66KZMhzBMZyCA5fQgFtoQgsETOAJnuHFerRerTfr/We0ZBU7h/AH1sc3vSGSyQ==</latexit>

`

<latexit sha1_base64="UocbUwC9c8t9ADjztUFxFwP1iJk=">AAAB9nicbVC7TsNAEFyHVwivACXNiQiJKrIRAsoIGsogkYeUWNH5sklOOT90t0ZEVn6BFio6RMvvUPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP2ibMNYCWyJUoe563KCSAbZIksJupJH7nsKON73J/M4DaiPD4J5mEbo+HwdyJAWnTOqjUoNqza7bOdgycQpSgwLNQfWrPwxF7GNAQnFjeo4dkZtwTVIonFf6scGIiykfYy+lAffRuEmedc5OYsMpZBFqJhXLRfy9kXDfmJnvpZM+p4lZ9DLxP68X0+jKTWQQxYSByA6RVJgfMkLLtARkQ6mRiGfJkcmACa45EWrJuBCpGKetVNI+nMXvl0n7rO5c1M/vzmuN66KZMhzBMZyCA5fQgFtoQgsETOAJnuHFerRerTfr/We0ZBU7h/AH1sc3vSGSyQ==</latexit>

`



Finite-t

Chiang, Huang, Rodina, Weng ‘21

Bellazzini,Riembau,FR’ never to appear


<latexit sha1_base64="n0ENhAcxNht3wmKPRfqdNFrsH4I="></latexit>

A0(t) ⌘
Z

\s̄t

ds

⇡i

A(s, t)

(s+ t
2 )

3
=

2

⇡

Z 1

s̄
ds

X

`

Imf`(s)
P`(1 +

2t
s )

(s+ t
2 )

3

Alternatively, close to t=0 …

at t=0 expandable 
in powers of 

<latexit sha1_base64="2MDUUQwoL3a/Fxav6QwD13mS+qg=">AAAB+HicbVA9TwJBEJ3DL8Qv1NJmIzGxIneGqCXRxhIT+UjgJHvLgCt7e5fdORMk/AdbreyMrf/Gwv/igVco+KqX92Yyb14QK2nJdT+d3NLyyupafr2wsbm1vVPc3WvYKDEC6yJSkWkF3KKSGuskSWErNsjDQGEzGF5O/eYDGisjfUOjGP2QD7TsS8EplRodVOpWd4slt+zOwBaJl5ESZKh1i1+dXiSSEDUJxa1te25M/pgbkkLhpNBJLMZcDPkA2ynVPETrj2dpJ+wosZwiFqNhUrGZiL83xjy0dhQG6WTI6c7Oe1PxP6+dUP/cH0sdJ4RaTA+RVDg7ZIWRaQ3IetIgEZ8mRyY1E9xwIjSScSFSMUl7KaR9ePPfL5LGSdk7LVeuK6XqRdZMHg7gEI7BgzOowhXUoA4C7uEJnuHFeXRenTfn/Wc052Q7+/AHzsc3SK+TqQ==</latexit>

`n

2D moment 
problem

at tree-level: same result

…but beyond tree-level amplitude not analytic at t=0! 
bound with this approach disappears for massless particles



Tree-level, beyond forward: 

c2s
2

<latexit sha1_base64="O5owU/K6oPIUgRrw9Y/MocL2K1I=">AAAB+XicbVC7TsNAEFyHVwivACXNiQiJKnIC4tFF0FAGiTykxETnyyaccn7obo0UWfkIWqjoEC1fQ8G/YBsLAWGq0cyudnbcUElDtv1uFRYWl5ZXiqultfWNza3y9k7bBJEW2BKBCnTX5QaV9LFFkhR2Q43ccxV23Mll6nfuURsZ+Dc0DdHx+NiXIyk4JVJHDOrM3NYH5YpdtTOweVLLSQVyNAflj/4wEJGHPgnFjenV7JCcmGuSQuGs1I8MhlxM+Bh7CfW5h8aJs7gzdhAZTgELUTOpWCbiz42Ye8ZMPTeZ9Djdmb9eKv7n9SIanTmx9MOI0BfpIZIKs0NGaJn0gGwoNRLxNDky6TPBNSdCLRkXIhGjpJhS1sd5ipPv7+dJu16tHVWPro8rjYu8mSLswT4cQg1OoQFX0IQWCJjAAzzCkxVbz9aL9fo1WrDynV34BevtEwqvk5M=</latexit>

c2,1s
2t

<latexit sha1_base64="v+YTwr7h2v/NebCPE2UH1jlBdi8=">AAAB/nicbVDLSsNAFJ3UV62vqks3g0VwISVpxceu6MZlBfuANpbJ9LYOTpJh5kYooeBXuNWVO3Hrr7jwX0xiELWe1eGce7nnHk9JYdC2363C3PzC4lJxubSyura+Ud7capsw0hxaPJSh7nrMgBQBtFCghK7SwHxPQse7PU/9zh1oI8LgCicKXJ+NAzESnGEi9fkgrh04U3NdozgoV+yqnYHOEicnFZKjOSh/9Ichj3wIkEtmTM+xFbox0yi4hGmpHxlQjN+yMfQSGjAfjBtnmad0LzIMQ6pAUyFpJsLPjZj5xkx8L5n0Gd6Yv14q/uf1IhyduLEIVIQQ8PQQCgnZIcO1SMoAOhQaEFmaHKgIKGeaIYIWlHGeiFHSTinr4zTF0ff3s6Rdqzr1av3ysNI4y5spkh2yS/aJQ45Jg1yQJmkRThR5II/kybq3nq0X6/VrtGDlO9vkF6y3T5uUlY4=</latexit>

A(s, t) =
<latexit sha1_base64="d2ly773u91Z5Z4mNe8WK+UxuPWQ=">AAAB+XicbVDLSsNAFJ3UV62vqks3g0WoICW14mMhVN24rGAf0IYymd7WoZNJmLkRSuhHuNWVO3Hr17jwX0xiELWe1eGce7nnHjeQwqBtv1u5ufmFxaX8cmFldW19o7i51TJ+qDk0uS993XGZASkUNFGghE6ggXmuhLY7vkr89j1oI3x1i5MAHI+NlBgKzjCW2hdlc4D75/1iya7YKegsqWakRDI0+sWP3sDnoQcKuWTGdKt2gE7ENAouYVrohQYCxsdsBN2YKuaBcaI07pTuhYahTwPQVEiaivBzI2KeMRPP jSc9hnfmr5eI/3ndEIenTiRUECIonhxCISE9ZLgWcQ9AB0IDIkuSAxWKcqYZImhBGeexGMbFFNI+zhIcf38/S1qHlWqtUrs5KtUvs2byZIfskjKpkhNSJ9ekQZqEkzF5II/kyYqsZ+vFev0azVnZzjb5BevtE7cbk14=</latexit>

+
<latexit sha1_base64="SDBB2uFNToJiMNtjYm3ZjOBhFr8=">AAAB83icbVDLSgNBEJz1GeMr6tHLYBAEIWyM+LgFvXhMwDwgWcLspBOHzM4uMz1CWPIFXvXkTbz6QR78F3fXRdRYp6Kqm64uP5LCoOu+OwuLS8srq4W14vrG5tZ2aWe3bUKrObR4KEPd9ZkBKRS0UKCEbqSBBb6Ejj+5Tv3OPWgjQnWL0wi8gI2VGAnOMJGax4NS2a24Geg8qeakTHI0BqWP/jDkNgCFXDJjelU3Qi9mGgWXMCv2rYGI8QkbQy+higVgvDgLOqOH1jAMaQSaCkkzEX5uxCwwZhr4yWTA8M789VLxP69ncXThxUJFFkHx9BAKCdkhw7VIGgA6FBoQWZocqFCUM80QQQvKOE9Em1RSzPq4THH2/f08aZ9UqrVKrXlarl/lzRTIPjkgR6RKzkmd3JAGaRFOgDyQR/LkWOfZeXFev0YXnHxnj/yC8/YJJ06Raw==</latexit>

+
<latexit sha1_base64="SDBB2uFNToJiMNtjYm3ZjOBhFr8=">AAAB83icbVDLSgNBEJz1GeMr6tHLYBAEIWyM+LgFvXhMwDwgWcLspBOHzM4uMz1CWPIFXvXkTbz6QR78F3fXRdRYp6Kqm64uP5LCoOu+OwuLS8srq4W14vrG5tZ2aWe3bUKrObR4KEPd9ZkBKRS0UKCEbqSBBb6Ejj+5Tv3OPWgjQnWL0wi8gI2VGAnOMJGax4NS2a24Geg8qeakTHI0BqWP/jDkNgCFXDJjelU3Qi9mGgWXMCv2rYGI8QkbQy+higVgvDgLOqOH1jAMaQSaCkkzEX5uxCwwZhr4yWTA8M789VLxP69ncXThxUJFFkHx9BAKCdkhw7VIGgA6FBoQWZocqFCUM80QQQvKOE9Em1RSzPq4THH2/f08aZ9UqrVKrXlarl/lzRTIPjkgR6RKzkmd3JAGaRFOgDyQR/LkWOfZeXFev0YXnHxnj/yC8/YJJ06Raw==</latexit>

· · ·<latexit sha1_base64="OSIVxr/j5NlcNlychiBqh9g/YvU=">AAAB+HicbVC7TsNAEFyHVwivACXNiQiJKnIA8egiaCiDRB5SYkXnyyYcOT90t0YKVv6BFio6RMvfUPAv2MZCQJhqNLOrnR03VNKQbb9bhbn5hcWl4nJpZXVtfaO8udUyQaQFNkWgAt1xuUElfWySJIWdUCP3XIVtd3yR+u071EYG/jVNQnQ8PvLlUApOidTqiUFApl+u2FU7A5sltZxUIEejX/7oDQIReeiTUNyYbs0OyYm5JikUTku9yGDIxZiPsJtQn3tonDhLO2V7keEUsBA1k4plIv7ciLlnzMRzk0mP043566Xif143ouGpE0s/jAh9kR4iqTA7ZISWSQ3IBlIjEU+TI5M+E1xzItSScSESMUp6KWV9nKU4/v5+lrQOqrXD6uHVUaV+njdThB3YhX2owQnU4RIa0AQBt/AAj/Bk3VvP1ov1+jVasPKdbfgF6+0TfbGT6w==</latexit>

c0
<latexit sha1_base64="tbG1UbrPtRtQZT0rPGgtg/iTlQM=">AAAB9XicbVC5TsNAEB2HK4QrQEmzIkKiihyCOLoIGsogyCElVrTeTMIq60O7Y1Bk5RNooaJDtHwPBf+CbSzE9aqn92Y0b54bKmnItt+swtz8wuJScbm0srq2vlHe3GqbINICWyJQge663KCSPrZIksJuqJF7rsKOOzlP/c4taiMD/5qmIToeH/tyJAWnRLoSA3tQrthVOwP7S2o5qUCO5qD83h8GIvLQJ6G4Mb2aHZITc01SKJyV+pHBkIsJH2MvoT730DhxFnXG9iLDKWAhaiYVy0T8vhFzz5ip5yaTHqcb89tLxf+8XkSjEyeWfhgR+iI9RFJhdsgILZMOkA2lRiKeJkcmfSa45kSoJeNCJGKUlFLK+jhNcfT1/V/SPqjW6tX65WGlcZY3U4Qd2IV9qMExNOACmtACAWO4hwd4tO6sJ+vZevkcLVj5zjb8gPX6AaiLkkY=</latexit>

X

p,q

cp,qs
ptq =

<latexit sha1_base64="0lfMyRqdzYkUs509K1AIdrtK1Jc=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCBwkbIz4OQtCLxwgmCnkxO+nEIbO7k5leISwBP8Gv8Konb+LVX/Dgv7i7LqLGunRR1U13l6OkMGjb71Zmanpmdi47n1tYXFpeya+u1Y0faA417ktfXzvMgBQe1FCghGulgbmOhCtncBb7V7egjfC9SxwpaLms74me4AwjqZPfaJrA7YRqdzimPK2mrbA9POnkC3bRTkAnSSklBZKi2sl/NLs+D1zwkEtmTKNkK2yFTKPgEsa5ZmBAMT5gfWhE1GMumFaY/DCm24Fh6FMFmgpJExF+ToTMNWbkOlGny/DG/PVi8T+vEWDvqBUKTwUIHo8XoZCQLDJciygcoF2hAZHFlwMVHuVMM0TQgjLOIzGI0soleRzHOPj+fpLU94qlcrF8sV+onKbJZMkm2SI7pEQOSYWckyqpEU7uyAN5JE/WvfVsvVivX60ZK51ZJ79gvX0C2qecSA==</latexit>

+
<latexit sha1_base64="SDBB2uFNToJiMNtjYm3ZjOBhFr8=">AAAB83icbVDLSgNBEJz1GeMr6tHLYBAEIWyM+LgFvXhMwDwgWcLspBOHzM4uMz1CWPIFXvXkTbz6QR78F3fXRdRYp6Kqm64uP5LCoOu+OwuLS8srq4W14vrG5tZ2aWe3bUKrObR4KEPd9ZkBKRS0UKCEbqSBBb6Ejj+5Tv3OPWgjQnWL0wi8gI2VGAnOMJGax4NS2a24Geg8qeakTHI0BqWP/jDkNgCFXDJjelU3Qi9mGgWXMCv2rYGI8QkbQy+higVgvDgLOqOH1jAMaQSaCkkzEX5uxCwwZhr4yWTA8M789VLxP69ncXThxUJFFkHx9BAKCdkhw7VIGgA6FBoQWZocqFCUM80QQQvKOE9Em1RSzPq4THH2/f08aZ9UqrVKrXlarl/lzRTIPjkgR6RKzkmd3JAGaRFOgDyQR/LkWOfZeXFev0YXnHxnj/yC8/YJJ06Raw==</latexit>

Of      many coefficients, only 2 can lead the amplitude:1
<latexit sha1_base64="gAL4cGsXQ4CD2PA/O9wX1lUXtTo=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKnIA8egiaCiDRB5SEkXryyYcOZ+tuzVSsPIPtFDRIVr+hoJ/wTYRAsJUo5ld7ex4oZKWXPfdyc3NLywu5ZcLK6tr6xvFza2GDSIjsC4CFZiWBxaV1FgnSQpboUHwPYVNb3SR+s07NFYG+prGIXZ9GGo5kAIokRodqQc07hVLbtnNwGdJZUpKbIpar/jR6Qci8lGTUGBtu+KG1I3BkBQKJ4VOZDEEMYIhthOqwUfbjbO0E74XWaCAh2i4VDwT8edGDL61Y99LJn2gG/vXS8X/vHZEg9NuLHUYEWqRHiKpMDtkhZFJDcj70iARpMmRS80FGCBCIzkIkYhR0ksh6+MsxfH397OkcVCuHJYPr45K1fNpM3m2w3bZPquwE1Zll6zG6kywW/bAHtmTc+88Oy/O69dozpnubLNfcN4+AZIYk/g=</latexit>

positive

arbitrary 

bounded from below 
 and above

EFTs

<latexit sha1_base64="YuXK9j/B60pigz559ur6WEdqWQ4="></latexit>c2 c2,1 c2,2 · · ·
c4 c4,1 c4,2 · · ·
c6 c6,1 c6,2 · · ·
...

...
...

<latexit sha1_base64="HBXvRzlpF+UeDCUTjh3XTm+Y/dY=">AAAB9XicdVDLTgJBEJzFF+IL9ehlIjHxtJkF5HEjevGIUR4JEDI7NDhx9pGZXg0hfIJXPXkzXv0eD/6LuysmarROlarudHW5oZIGGXuzMkvLK6tr2fXcxubW9k5+d69tgkgLaIlABbrrcgNK+tBCiQq6oQbuuQo67s1Z4nduQRsZ+Fc4DWHg8Ykvx1JwjKVLMWTDfIHZToVVy1XK7GrNKRVZTJx6pV4qUcdmKQpkgeYw/94fBSLywEehuDE9h4U4mHGNUiiY5/qRgZCLGz6BXkx97oEZzNKoc3oUGY4BDUFTqWgqwveNGfeMmXpuPOlxvDa/vUT8y+tFOK4NZtIPIwRfJIdQKkgPGaFl3AHQkdSAyJPkQKVPBdccEbSkXIhYjOJScnEfX0/T/0m7aDsnNrsoFxqni2ay5IAckmPikCppkHPSJC0iyITckwfyaN1ZT9az9fI5mrEWO/vkB6zXDwO6kmA=</latexit>c0
<latexit sha1_base64="3l9hUQRZ8lPJW7+IEECeR8mg1v0=">AAACDXicbVC7TsNAEDyHVwgvAxWiOREhUaDIjiKgjKChDBJ5SIllnS+bcMr5obs1IrIsPoGvoIWKDtHyDRT8C7ZJAYGpRjO7N3vjRVJotKwPo7SwuLS8Ul6trK1vbG6Z2zsdHcaKQ5uHMlQ9j2mQIoA2CpTQixQw35PQ9SYXud+9BaVFGFzjNALHZ+NAjARnmEmuuTdAuMPinUTBMKUJd5P6sZ2mrlm1alYB+pfYM1IlM7Rc83MwDHnsQ4BcMq37thWhkzCFgktIK4NYQ8T4hI2hn9GA+aCdpIhO6WGsGYY0AkWFpIUIPzcS5ms99b1s0md4o+e9XPzP68c4OnMSEUQxQsDzIBQSiiDNlci6AToUChBZfjlQEVDOFEMEJSjjPBPjrKxK1oc9//u/pFOv2Se1xlWj2jyfNVMm++SAHBGbnJImuSQt0iac3JNH8kSejQfjxXg13r5HS8ZsZ5f8gvH+BY9CnAc=</latexit>c2,1



S =

Z
d4x

p
g
M2

Pl

2

⇥
R�m2

gV (h)
⇤

<latexit sha1_base64="H9fttvr9ptVR2aVsMUl7atx2g2E="></latexit>

spin-2, mg=0    2    d.o.f.

- Might Solve the c.c. problem 
- Exp bound m

�1
g & 0.1H

<latexit sha1_base64="jezqt8atA+fK/P+D2Kix7Pm3Ykc="></latexit>

Hubble scale

m�1
g

<latexit sha1_base64="UnrPhxjwLE5bz9B3r13ctzE24C4=">AAAB+nicbVC7TsNAEDyHVwivACXNiQiJhsgmiEcXQUMZJPKQEhOdL5twyvls3a2RIpOfoIWKDtHyMxT8C7axEBCmGs3samfHC6UwaNvvVmFufmFxqbhcWlldW98ob261TBBpDk0eyEB3PGZACgVNFCihE2pgvieh7Y0vUr99B9qIQF3jJATXZyMlhoIzTKSO3x/dxAfOtF+u2FU7A50lTk4qJEejX/7oDQIe+aCQS2ZM17FDdGOmUXAJ01IvMhAyPmYj6CZUMR+MG2d5p3QvMgwDGoKmQtJMhJ8bMfONmfheMukzvDV/vVT8z+tGODx1Y6HCCEHx9BAKCdkhw7VIigA6EBoQWZocqFCUM80QQQvKOE/EKGmmlPVxluL4+/tZ0jqsOrVq7eqoUj/PmymSHbJL9olDTkidXJIGaRJOJHkgj+TJureerRfr9Wu0YOU72+QXrLdPd/yUbQ==</latexit>

3. Massive Gravity

Gravity EFT       

10-3 10-381026 103

Planck ScaleSolar System

107
??

??????

M-1=

km

Fierz,Pauli’1930s, Arkani-Hamed,Georgi,Schwartz’02, deRham,Gabadatze,Tolley’10

Tuning of coefficients

gµ⌫ = ⌘µ⌫ + hµ⌫
<latexit sha1_base64="rldDl3u3+YWi40A3R98OJ10QCRw=">AAACF3icbVDLSgNBEJz1bXxFPXoZDIIghI0RHwch6MVjBKNCNoTesY2Ds7PLTI8gSz7AT/ArvOrJm3j16MF/cXcNwVedaqqq6ekKEyUt+f67NzI6Nj4xOTVdmpmdm18oLy6d2tgZgS0Rq9ich2BRSY0tkqTwPDEIUajwLLw+zP2zGzRWxvqEbhPsRNDT8lIKoEzqliu9bhpELtCuvx8gwfC1cTWkWcqv+gX4X1IbkAoboNktfwQXsXARahIKrG3X/IQ6KRiSQmG/FDiLCYhr6GE7oxoitJ20OKbP15wFinmChkvFCxG/T6QQWXsbhVkyArqyv71c/M9rO7rc7aRSJ45Qi3wRSYXFIiuMzFpCfiENEkH+c+RScwEGiNBIDkJkostqKxV97OXYHl7/l5xuVmv1av14q9I4GDQzxVbYKltnNbbDGuyINVmLCXbHHtgje/LuvWfvxXv9io54g5ll9gPe2yeCZaEO</latexit>Massive +3

M�1
Pl

<latexit sha1_base64="mThOF/t4UCpg0XkCQe3SrrOuO1s=">AAAB/XicbVDLSsNAFJ3UV62vqks3g0VwY0ms+NgV3bgRKtgHpLFMprd16OTBzI1QQvAr3OrKnbj1W1z4LyYxiK+zOpxzL/fc44ZSaDTNN6M0Mzs3v1BerCwtr6yuVdc3OjqIFIc2D2Sgei7TIIUPbRQooRcqYJ4roetOzjK/ewtKi8C/wmkIjsfGvhgJzjCV7ItB3JLJdbxnJYNqzaybOehfYhWkRgq0BtX3/jDgkQc+csm0ti0zRCdmCgWXkFT6kYaQ8Qkbg51Sn3mgnTiPnNCdSDMMaAiKCklzEb5vxMzTeuq56aTH8Eb/9jLxP8+OcHTsxMIPIwSfZ4dQSMgPaa5E2gXQoVCAyLLkQIVPOVMMEZSgjPNUjNJyKnkfJxkOv77/Szr7datRb1we1JqnRTNlskW2yS6xyBFpknPSIm3CSUDuyQN5NO6MJ+PZePkcLRnFzib5AeP1A8Zclbg=</latexit>

S =

Z
d4x

p
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Pl
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⇥
R�m2
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⇤

<latexit sha1_base64="H9fttvr9ptVR2aVsMUl7atx2g2E="></latexit>

A(hh ! hh) ⇠ s

M2
Pl

<latexit sha1_base64="nNtHeYojuNdl+GCR4D4mx7cVtto=">AAACFXicbVC7TsNAEDzzJrwClDQHERI0kRMQjy5AQ4MUJAKR4hCtjw0+cX7obo2ELNd8Al9BCxUdoqWm4F+wTYR4TTWa2dXOjhspaci236yh4ZHRsfGJydLU9MzsXHl+4dSEsRbYEqEKddsFg0oG2CJJCtuRRvBdhWfu1UHun12jNjIMTugmwq4Pl4HsSwGUSb3y8t6a5zkUcs9bd4z0nb4GkZg0OeolTZWe19NeuWJX7QL8L6kNSIUN0OyV352LUMQ+BiQUGNOp2RF1E9AkhcK05MQGIxBXcImdjAbgo+kmxSspX40NZGki1FwqXoj4fSMB35gb380mfSDP/PZy8T+vE1N/p5vIIIoJA5EfIqmwOGSElllHyC+kRiLIkyOXAReggQi15CBEJsZZaaWij90cW1/f/yWn9Wpto7pxvFlp7A+amWBLbIWtsRrbZg12yJqsxQS7ZffsgT1ad9aT9Wy9fI4OWYOdRfYD1usHPvWfMg==</latexit>

A(hh ! hh) ⇠ s

m2
g
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N � 2P at least one of the matrices in eqs. (16-19)
is of order > P and thus cannot be strictly positive,
and in particular must have vanishing determinant.
Indeed for N = 2P this just happens for H0

2P , while
for N > 2P +3 this holds for all matrices in eqs. (16-
19). The proof that eqs. (16-19) are all strictly sat-
isfied for N < 2P , is instead given as follows. In the
variable x 2 [0, 1] of section IB, the measure dµ(x)
consists of strictly positive delta functions located at
xk = ŝ2/M4

k for k = 1, . . . , P . For ŝ taking value in
the EFT, i.e. ŝ < M2

1 , there are thus P such delta’s
within (0, 1). Indicating by qP̄�1(x) a generic poly-
nomial of order P̄ �1, the Hankel matrices of order P̄
correspond to the quadratic forms generated by inte-
grating xa(1 � x)bqP̄�1(x)2 in dµ(x). The only way
this integral can give a vanishing result is to have one
of the zeroes of qP̄�1(x) to coincide with each of the
P delta’s in the measure. This can only happen if the
polynomial has at least degree P and the correspond-
ing Hankel matrix order P + 1: Hankel matrices of
order  P are strictly positive definite, while they are
only positive semi-definite if their order is > P . This
last result agrees with out previous argument based
on the determinant. Considering then eqs. (16-19),
this amounts to strict satisfaction for N < 2P and
marginal satisfaction for N � 2P . We conclude that,
for ŝ within the EFT, the arcs are in interior of A(N)
for N < 2P and at the boundary of A(2P ).

By the above result – in weakly coupled theories
– the measurements of the arcs in the IR allows to
indirectly count the number P of resonances in the
UV: P is just the smallest P̄ for which det H0

2P̄
= 0.

Furthermore the masses of such particles are given
by the roots of the P -th order polynomial in ŝ2 sat-
urating Eq. (18),

det
�
H0

2P�2 � ŝ2H1
2P�1

�
= 0 . (26)

Indeed H0
2P�2�ŝ2H1

2P�1 is a Hankel matrix to which
each resonance contributes a term proportional to
g2

k(1 � ŝ2/M4
k ). Then setting ŝ = M2

k for some k is
equivalent to eliminating one particle, bringing their
number down to P � 1. Our previous argument on
the determinant then implies eq. (26). This equation
also implies that for ŝ = M2

1 , just at the edge of the
EFT, the arcs are at the boundary of the A(2P � 1)
region. This can also be viewed by considering the
location xk = ŝ2/M4

k of the deltas in the variable
x: when ŝ approaches M2

1 from below, x1 aproaches
the edge x = 1 of the integration region, and the
contribution of the lightest resonance drops out when
integrated against (1 � x)qP̄�1(x)2. For P̄ = P the
zeroes of qP̄�1(x) can be chosen to coincide with the

location of the remaining P � 1 heavier resonances,
hence det

�
H0

2P�2 � M4
1 H1

2P�1

�
= 0. On the other

hand, for P̄ < P , qP̄�1(x) has fewer zeroes than there
are resonances. This implies that for N < 2P � 1
eq. (Eq. (18)) is still strictly satisfied for ŝ = M2

1

and that ŝ > M2
1 is needed in order to violate it:

N = 2P � 1 arcs allows an optimal estimate of the
EFT cut-o↵ M1, while for N < 2P � 1 the estimate
is always suboptimal.

As an example, consider two heavy particles 'i=1,2

of masses Mi and trilinear vertex gip
2
(@⇡)2'i/Mi,

matching Eq. (25) – here ⇡ is the massless state as-
sociated with the 2 ! 2 amplitude. The first 3 arcs
a0,1,2 populate the bulk of the allowed region A(2) of
Eq. (20) and Fig. 2, even for ŝ = M1. An estimate
of the cuto↵ using only these 3 arcs, ŝ2 < a1/a2,
produces values that are always above the true cut-
o↵ ŝ = M2

1 . By instead considering 4 arcs a0,1,2,3,
the estimated cuto↵ becomes exact: Eq. (26) is sat-
isfied for ŝ = M2

1 . Including 5 arcs, Eq. (16) is found
to be marginally satisfied, i.e. det H0

4 = 0, thus de-
termining the number of states.

B. Beyond Tree Level

Under which circumstances is the tree-level ap-
proximation an = c2n+2 for all n, a good approxi-
mation, and when do the conclusions of the previous
section hold?

To answer this, we study an EFT including RG
e↵ects, restricting for simplicity to the massless case
(where ŝ = s). Moreover, in order for the forward
limit to be well-defined, we focus on the case of a
Goldstone �, invariant under � ! � + b, where the
forward amplitude starts at order O(s2).7 Up to
O(s6) the most general amplitude can be written in
the upper half plane as,

M(s)=c2s
2 + s4 [c4+�4 log(�is)] � i⇡s5�5/2 (27)

+s6
⇥
c6 + �6 log(�is) + �0

6 log2(�is)
⇤
+ O(s7) ,

where log is defined in the standard way, with the
cut on the negative real semi-axis. Then we have
2 log(�is) = log(s) + log(�s) for Ims � 0 and
log(s)� log(�s) = i⇡. For ease of notation we set the
RG scale µ = 1, but the generic choice is reinstated
through log(�is) ! log(�is/µ2), cn ! cn(µ). An
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N � 2P at least one of the matrices in eqs. (16-19)
is of order > P and thus cannot be strictly positive,
and in particular must have vanishing determinant.
Indeed for N = 2P this just happens for H0

2P , while
for N > 2P +3 this holds for all matrices in eqs. (16-
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xk = ŝ2/M4
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2P̄
= 0.
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det
�
H0

2P�2 � ŝ2H1
2P�1

�
= 0 . (26)

Indeed H0
2P�2�ŝ2H1

2P�1 is a Hankel matrix to which
each resonance contributes a term proportional to
g2

k(1 � ŝ2/M4
k ). Then setting ŝ = M2

k for some k is
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�
H0

2P�2 � M4
1 H1

2P�1

�
= 0. On the other
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1
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of masses Mi and trilinear vertex gip
2
(@⇡)2'i/Mi,
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4 = 0, thus de-
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e↵ects, restricting for simplicity to the massless case
(where ŝ = s). Moreover, in order for the forward
limit to be well-defined, we focus on the case of a
Goldstone �, invariant under � ! � + b, where the
forward amplitude starts at order O(s2).7 Up to
O(s6) the most general amplitude can be written in
the upper half plane as,

M(s)=c2s
2 + s4 [c4+�4 log(�is)] � i⇡s5�5/2 (27)

+s6
⇥
c6 + �6 log(�is) + �0

6 log2(�is)
⇤
+ O(s7) ,

where log is defined in the standard way, with the
cut on the negative real semi-axis. Then we have
2 log(�is) = log(s) + log(�s) for Ims � 0 and
log(s)� log(�s) = i⇡. For ease of notation we set the
RG scale µ = 1, but the generic choice is reinstated
through log(�is) ! log(�is/µ2), cn ! cn(µ). An
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N � 2P at least one of the matrices in eqs. (16-19)
is of order > P and thus cannot be strictly positive,
and in particular must have vanishing determinant.
Indeed for N = 2P this just happens for H0

2P , while
for N > 2P +3 this holds for all matrices in eqs. (16-
19). The proof that eqs. (16-19) are all strictly sat-
isfied for N < 2P , is instead given as follows. In the
variable x 2 [0, 1] of section IB, the measure dµ(x)
consists of strictly positive delta functions located at
xk = ŝ2/M4

k for k = 1, . . . , P . For ŝ taking value in
the EFT, i.e. ŝ < M2

1 , there are thus P such delta’s
within (0, 1). Indicating by qP̄�1(x) a generic poly-
nomial of order P̄ �1, the Hankel matrices of order P̄
correspond to the quadratic forms generated by inte-
grating xa(1 � x)bqP̄�1(x)2 in dµ(x). The only way
this integral can give a vanishing result is to have one
of the zeroes of qP̄�1(x) to coincide with each of the
P delta’s in the measure. This can only happen if the
polynomial has at least degree P and the correspond-
ing Hankel matrix order P + 1: Hankel matrices of
order  P are strictly positive definite, while they are
only positive semi-definite if their order is > P . This
last result agrees with out previous argument based
on the determinant. Considering then eqs. (16-19),
this amounts to strict satisfaction for N < 2P and
marginal satisfaction for N � 2P . We conclude that,
for ŝ within the EFT, the arcs are in interior of A(N)
for N < 2P and at the boundary of A(2P ).

By the above result – in weakly coupled theories
– the measurements of the arcs in the IR allows to
indirectly count the number P of resonances in the
UV: P is just the smallest P̄ for which det H0

2P̄
= 0.

Furthermore the masses of such particles are given
by the roots of the P -th order polynomial in ŝ2 sat-
urating Eq. (18),

det
�
H0

2P�2 � ŝ2H1
2P�1

�
= 0 . (26)

Indeed H0
2P�2�ŝ2H1

2P�1 is a Hankel matrix to which
each resonance contributes a term proportional to
g2

k(1 � ŝ2/M4
k ). Then setting ŝ = M2

k for some k is
equivalent to eliminating one particle, bringing their
number down to P � 1. Our previous argument on
the determinant then implies eq. (26). This equation
also implies that for ŝ = M2

1 , just at the edge of the
EFT, the arcs are at the boundary of the A(2P � 1)
region. This can also be viewed by considering the
location xk = ŝ2/M4

k of the deltas in the variable
x: when ŝ approaches M2

1 from below, x1 aproaches
the edge x = 1 of the integration region, and the
contribution of the lightest resonance drops out when
integrated against (1 � x)qP̄�1(x)2. For P̄ = P the
zeroes of qP̄�1(x) can be chosen to coincide with the

location of the remaining P � 1 heavier resonances,
hence det

�
H0

2P�2 � M4
1 H1

2P�1

�
= 0. On the other

hand, for P̄ < P , qP̄�1(x) has fewer zeroes than there
are resonances. This implies that for N < 2P � 1
eq. (Eq. (18)) is still strictly satisfied for ŝ = M2

1

and that ŝ > M2
1 is needed in order to violate it:

N = 2P � 1 arcs allows an optimal estimate of the
EFT cut-o↵ M1, while for N < 2P � 1 the estimate
is always suboptimal.

As an example, consider two heavy particles 'i=1,2

of masses Mi and trilinear vertex gip
2
(@⇡)2'i/Mi,

matching Eq. (25) – here ⇡ is the massless state as-
sociated with the 2 ! 2 amplitude. The first 3 arcs
a0,1,2 populate the bulk of the allowed region A(2) of
Eq. (20) and Fig. 2, even for ŝ = M1. An estimate
of the cuto↵ using only these 3 arcs, ŝ2 < a1/a2,
produces values that are always above the true cut-
o↵ ŝ = M2

1 . By instead considering 4 arcs a0,1,2,3,
the estimated cuto↵ becomes exact: Eq. (26) is sat-
isfied for ŝ = M2

1 . Including 5 arcs, Eq. (16) is found
to be marginally satisfied, i.e. det H0

4 = 0, thus de-
termining the number of states.

B. Beyond Tree Level

Under which circumstances is the tree-level ap-
proximation an = c2n+2 for all n, a good approxi-
mation, and when do the conclusions of the previous
section hold?

To answer this, we study an EFT including RG
e↵ects, restricting for simplicity to the massless case
(where ŝ = s). Moreover, in order for the forward
limit to be well-defined, we focus on the case of a
Goldstone �, invariant under � ! � + b, where the
forward amplitude starts at order O(s2).7 Up to
O(s6) the most general amplitude can be written in
the upper half plane as,

M(s)=c2s
2 + s4 [c4+�4 log(�is)] � i⇡s5�5/2 (27)

+s6
⇥
c6 + �6 log(�is) + �0

6 log2(�is)
⇤
+ O(s7) ,

where log is defined in the standard way, with the
cut on the negative real semi-axis. Then we have
2 log(�is) = log(s) + log(�s) for Ims � 0 and
log(s)� log(�s) = i⇡. For ease of notation we set the
RG scale µ = 1, but the generic choice is reinstated
through log(�is) ! log(�is/µ2), cn ! cn(µ). An
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<latexit sha1_base64="8xmhdkYsf8T8hJVLnTWLcv5trz8=">AAAB+nicbVC7TsNAEFyHVwivACXNiQiJKrKjCCgjaCiDRB5SYqLzZRNOOT90t0aKTH6CFio6RMvPUPAvOMYFJEw1mtnVzo4XKWnItj+twsrq2vpGcbO0tb2zu1feP2ibMNYCWyJUoe563KCSAbZIksJupJH7nsKON7ma+50H1EaGwS1NI3R9Pg7kSApOqdQVgxozdzU2KFfsqp2BLRMnJxXI0RyUv/rDUMQ+BiQUN6bn2BG5CdckhcJZqR8bjLiY8DH2UhpwH42bZHln7CQ2nEIWoWZSsUzE3xsJ942Z+l466XO6N4veXPzP68U0unATGUQxYSDmh0gqzA4ZoWVaBLKh1EjE58mRyYAJrjkRasm4EKkYp82U0j6cxe+XSbtWdc6q9Zt6pXGZN1OEIziGU3DgHBpwDU1ogQAFT/AML9aj9Wq9We8/owUr3zmEP7A+vgFNx5OP</latexit>

c2s
2

Coupling 

<latexit sha1_base64="jHUKd6dfsev+UHkT99zWBw8di34=">AAAB93icdVDLTgJBEJzFF+IL9ehlIjHxtNkF5HEjevGIiQsksCGzQ4MTZh+Z6TUhG77Bq568Ga9+jgf/xV3ARI3WqVLVna4uL5JCo2W9G7m19Y3Nrfx2YWd3b/+geHjU0WGsODg8lKHqeUyDFAE4KFBCL1LAfE9C15teZX73HpQWYXCLswhcn00CMRacYSo5AympPSyWLPOiUW80qzQlzWbZWpJKrVKntmktUCIrtIfFj8Eo5LEPAXLJtO7bVoRuwhQKLmFeGMQaIsanbAL9lAbMB+0mi7BzehZrhiGNQFEh6UKE7xsJ87We+V466TO807+9TPzL68c4briJCKIYIeDZIRQSFoc0VyJtAehIKEBkWXKgIqCcKYYISlDGeSrGaS2FtI+vp+n/pFM27ZpZvamWWperZvLkhJySc2KTOmmRa9ImDuFEkAfySJ6MmfFsvBivy9Gcsdo5Jj9gvH0CXjiTJg==</latexit>⌧ 1
<latexit sha1_base64="Cz7FYO143IZdRp8ApKdmQevVvqE=">AAAB/3icdVC5TsNAFFxzhnAFKGlWREihsZzE5OgiaCiDRA4pNtF68xJWWR/sPiNFUQq+ghYqOkTLp1DwLzgHEiCYajTznt688SIpNFrWu7G0vLK6tp7aSG9ube/sZvb2mzqMFYcGD2Wo2h7TIEUADRQooR0pYL4noeUNz6d+6w6UFmFwhaMIXJ8NAtEXnGEiuY4WPs3ZTiROrgvdTNYyTyvlStWmCalWC9acFEvFMs2b1gxZskC9m/lweiGPfQiQS6Z1J29F6I6ZQsElTNJOrCFifMgG0ElowHzQ7ngWekKPY80wpBEoKiSdifB9Y8x8rUe+l0z6DG/0b28q/uV1YuxX3LEIohgh4NNDKCTMDmmuRNIG0J5QgMimyYGKgHKmGCIoQRnniRgn9aSTPr6epv+TZsHMl0z70s7WzhbNpMghOSI5kidlUiMXpE4ahJNb8kAeyZNxbzwbL8brfHTJWOwckB8w3j4BkdSWAA==</latexit>

⇠ (4⇡)2

Arcs: suitable to access running
<latexit sha1_base64="oU4vqSWev0OodjjXjcV9P7RKiTw=">AAAB+HicbVA9TwJBEN3DL8Qv1NJmIzHBhtwZjZZEG0tM5COBC5lbBlzZ27vszpkg4T/YamVnbP03Fv4XD7xCwVe9vDeTefOCWElLrvvp5JaWV1bX8uuFjc2t7Z3i7l7DRokRWBeRikwrAItKaqyTJIWt2CCEgcJmMLya+s0HNFZG+pZGMfohDLTsSwGUSg3R1WV73C2W3Io7A18kXkZKLEOtW/zq9CKRhKhJKLC27bkx+WMwJIXCSaGTWIxBDGGA7ZRqCNH641naCT9KLFDEYzRcKj4T8ffGGEJrR2GQToZAd3bem4r/ee2E+hf+WOo4IdRieoikwtkhK4xMa0DekwaJYJocudRcgAEiNJKDEKmYpL0U0j68+e8XSeOk4p1V3JvTUvUyaybPDtghKzOPnbMqu2Y1VmeC3bMn9sxenEfn1Xlz3n9Gc062s8/+wPn4BpaDkzM=</latexit>

cn(s)Do bounds apply for running coefficients       ?

<latexit sha1_base64="yMlCBMIFBIIh3QPdi6+uIWZXBNg=">AAACAHicbVC7TsNAEDyHVwivACXNiQiJKrJRBDRIARrKIJGHlJhofdmEU84P3a2RIisNX0ELFR2i5U8o+BdskwICU41mdrWz40VKGrLtD6uwsLi0vFJcLa2tb2xulbd3WiaMtcCmCFWoOx4YVDLAJklS2Ik0gu8pbHvjy8xv36M2MgxuaBKh68MokEMpgFLptucD3QlQyfm075z1yxW7aufgf4kzIxU2Q6Nf/uwNQhH7GJBQYEzXsSNyE9AkhcJpqRcbjECMYYTdlAbgo3GTPPWUH8QGKOQRai4Vz0X8uZGAb8zE99LJLKWZ9zLxP68b0/DUTWQQxYSByA6RVJgfMkLLtA7kA6mRCLLkyGXABWggQi05CJGKcdpPKe3Dmf/+L2kdVZ3jau26VqlfzJopsj22zw6Zw05YnV2xBmsywTR7ZE/s2XqwXqxX6+17tGDNdnbZL1jvX/x0ltA=</latexit>

A1 =
<latexit sha1_base64="CzUFpv89gPKPVvclkSFNJdugGWA=">AAACAHicbVC7TgJBFJ3FF+ILtbSZSEysyC4hamOC2lhiIo8EkNwdLjhh9pGZuyZkQ+NX2GplZ2z9Ewv/xd2VQsFTnZxzb+65xw2VNGTbn1ZuaXlldS2/XtjY3NreKe7uNU0QaYENEahAt10wqKSPDZKksB1qBM9V2HLHV6nfekBtZODf0iTEngcjXw6lAEqku64HdC9AxRfTfuW8XyzZZTsDXyTOjJTYDPV+8as7CETkoU9CgTEdxw6pF4MmKRROC93IYAhiDCPsJNQHD00vzlJP+VFkgAIeouZS8UzE3xsxeMZMPDeZTFOaeS8V//M6EQ3PerH0w4jQF+khkgqzQ0ZomdSBfCA1EkGaHLn0uQANRKglByESMUr6KSR9OPPfL5JmpeyclKs31VLtctZMnh2wQ3bMHHbKauya1VmDCabZE3tmL9aj9Wq9We8/ozlrtrPP/sD6+Ab+BJbR</latexit>

A2 =

<latexit sha1_base64="o+oiR5/5Mu3jZ81kaecI4PkJKDU=">AAACAHicbVC7TsNAEDyHVwivACXNiQiJKrJRBDRIARrKIJGHlJhofdmEU84P3a2RIisNX0ELFR2i5U8o+BdskwICU41mdrWz40VKGrLtD6uwsLi0vFJcLa2tb2xulbd3WiaMtcCmCFWoOx4YVDLAJklS2Ik0gu8pbHvjy8xv36M2MgxuaBKh68MokEMpgFLptucD3QlQyfm0b5/1yxW7aufgf4kzIxU2Q6Nf/uwNQhH7GJBQYEzXsSNyE9AkhcJpqRcbjECMYYTdlAbgo3GTPPWUH8QGKOQRai4Vz0X8uZGAb8zE99LJLKWZ9zLxP68b0/DUTWQQxYSByA6RVJgfMkLLtA7kA6mRCLLkyGXABWggQi05CJGKcdpPKe3Dmf/+L2kdVZ3jau26VqlfzJopsj22zw6Zw05YnV2xBmsywTR7ZE/s2XqwXqxX6+17tGDNdnbZL1jvX/rkls8=</latexit>

A0 =
<latexit sha1_base64="28RIquoiFNOER/3zOpVjx/jfge0=">AAAB9XicbVC7TsNAEFyHVwivACXNiQiJKrKjCCgjaCiDIA8piaLzZRNOOT90twZFVj6BFio6RMv3UPAv2MYFJEw1mtnVzo4bKmnItj+twsrq2vpGcbO0tb2zu1feP2ibINICWyJQge663KCSPrZIksJuqJF7rsKOO71K/c4DaiMD/45mIQ48PvHlWApOiXQrhrVhuWJX7QxsmTg5qUCO5rD81R8FIvLQJ6G4MT3HDmkQc01SKJyX+pHBkIspn2AvoT730AziLOqcnUSGU8BC1Ewqlon4eyPmnjEzz00mPU73ZtFLxf+8XkTji0Es/TAi9EV6iKTC7JARWiYdIBtJjUQ8TY5M+kxwzYlQS8aFSMQoKaWU9OEsfr9M2rWqc1at39Qrjcu8mSIcwTGcggPn0IBraEILBEzgCZ7hxXq0Xq036/1ntGDlO4fwB9bHN5XPkho=</latexit>c2

<latexit sha1_base64="P6aP89Q81dIkiuBr5kktput5FMA="></latexit>

� �4

2s2
+

<latexit sha1_base64="wzQtbJUbRL/lAFbM6oS5sOoPTJY=">AAAB+XicdVDLSsNAFJ3UV62vqks3g0UQhJC0sc2y6MZlBfuAtpTJ9LYOnTyYuRFK6Ee41ZU7cevXuPBfTGIFFT2rwzn3cs89XiSFRst6Mworq2vrG8XN0tb2zu5eef+go8NYcWjzUIaq5zENUgTQRoESepEC5nsSut7sMvO7d6C0CIMbnEcw9Nk0EBPBGaZS92zAxyHqUblimbbdqDsNapmOW62d11LiNlynZlPbtHJUyBKtUfl9MA557EOAXDKt+7YV4TBhCgWXsCgNYg0R4zM2hX5KA+aDHiZ53AU9iTXDkEagqJA0F+H7RsJ8ree+l076DG/1by8T//L6MU7cYSKCKEYIeHYIhYT8kOZKpD0AHQsFiCxLDlQElDPFEEEJyjhPxTgtppT28fU0/Z90qqZdN51rp9K8WDZTJEfkmJwSmzRIk1yRFmkTTmbknjyQRyMxnoxn4+VztGAsdw7JDxivH0r5lEQ=</latexit>

+ · · ·
<latexit sha1_base64="wzQtbJUbRL/lAFbM6oS5sOoPTJY=">AAAB+XicdVDLSsNAFJ3UV62vqks3g0UQhJC0sc2y6MZlBfuAtpTJ9LYOnTyYuRFK6Ee41ZU7cevXuPBfTGIFFT2rwzn3cs89XiSFRst6Mworq2vrG8XN0tb2zu5eef+go8NYcWjzUIaq5zENUgTQRoESepEC5nsSut7sMvO7d6C0CIMbnEcw9Nk0EBPBGaZS92zAxyHqUblimbbdqDsNapmOW62d11LiNlynZlPbtHJUyBKtUfl9MA557EOAXDKt+7YV4TBhCgWXsCgNYg0R4zM2hX5KA+aDHiZ53AU9iTXDkEagqJA0F+H7RsJ8ree+l076DG/1by8T//L6MU7cYSKCKEYIeHYIhYT8kOZKpD0AHQsFiCxLDlQElDPFEEEJyjhPxTgtppT28fU0/Z90qqZdN51rp9K8WDZTJEfkmJwSmzRIk1yRFmkTTmbknjyQRyMxnoxn4+VztGAsdw7JDxivH0r5lEQ=</latexit>

+ · · ·
<latexit sha1_base64="wzQtbJUbRL/lAFbM6oS5sOoPTJY=">AAAB+XicdVDLSsNAFJ3UV62vqks3g0UQhJC0sc2y6MZlBfuAtpTJ9LYOnTyYuRFK6Ee41ZU7cevXuPBfTGIFFT2rwzn3cs89XiSFRst6Mworq2vrG8XN0tb2zu5eef+go8NYcWjzUIaq5zENUgTQRoESepEC5nsSut7sMvO7d6C0CIMbnEcw9Nk0EBPBGaZS92zAxyHqUblimbbdqDsNapmOW62d11LiNlynZlPbtHJUyBKtUfl9MA557EOAXDKt+7YV4TBhCgWXsCgNYg0R4zM2hX5KA+aDHiZ53AU9iTXDkEagqJA0F+H7RsJ8ree+l076DG/1by8T//L6MU7cYSKCKEYIeHYIhYT8kOZKpD0AHQsFiCxLDlQElDPFEEEJyjhPxTgtppT28fU0/Z90qqZdN51rp9K8WDZTJEfkmJwSmzRIk1yRFmkTTmbknjyQRyMxnoxn4+VztGAsdw7JDxivH0r5lEQ=</latexit>

+ · · ·
<latexit sha1_base64="ZKj0pR1wA+LZCU02dNabo039wGY=">AAAB+HicdVDLTgJBEJzFF+IL9ehlIjHBy2YXCI8b0YtHTOSRACGzQ4Mjs4/M9Jrghn/wqidvxqt/48F/cUBM1GidKlXd6eryIik0Os6blVpZXVvfSG9mtrZ3dvey+wctHcaKQ5OHMlQdj2mQIoAmCpTQiRQw35PQ9ibnc799C0qLMLjCaQR9n40DMRKcoZFafFDO69NBNufYbtmplCrUsStVt1hwDHFr5VqxSF3bWSBHlmgMsu+9YchjHwLkkmnddZ0I+wlTKLiEWaYXa4gYn7AxdA0NmA+6nyzSzuhJrBmGNAJFhaQLEb5vJMzXeup7ZtJneK1/e3PxL68b46jaT0QQxQgBnx9CIWFxSHMlTA1Ah0IBIpsnByoCypliiKAEZZwbMTa9ZEwfX0/T/0mrYDqzS5elXP1s2UyaHJFjkicuqZA6uSAN0iSc3JB78kAerTvryXq2Xj5HU9Zy55D8gPX6AbLFk00=</latexit>

c6(s)

<latexit sha1_base64="+sQlUL8dsXjsfBxpbu5Iyd8f4/w=">AAAB+HicdVDLTgJBEJzFF+IL9ehlIjHBy2YXCI8b0YtHTOSRwIbMDg2OzD4y02uChH/wqidvxqt/48F/cUBM1GidKlXd6eryYyk0Os6blVpZXVvfSG9mtrZ3dvey+wctHSWKQ5NHMlIdn2mQIoQmCpTQiRWwwJfQ9sfnc799C0qLKLzCSQxewEahGArO0Egt3i/l9Wk/m3Nst+xUShXq2JWqWyw4hri1cq1YpK7tLJAjSzT62ffeIOJJACFyybTuuk6M3pQpFFzCLNNLNMSMj9kIuoaGLADtTRdpZ/Qk0QwjGoOiQtKFCN83pizQehL4ZjJgeK1/e3PxL6+b4LDqTUUYJwghnx9CIWFxSHMlTA1AB0IBIpsnBypCypliiKAEZZwbMTG9ZEwfX0/T/0mrYDqzS5elXP1s2UyaHJFjkicuqZA6uSAN0iSc3JB78kAerTvryXq2Xj5HU9Zy55D8gPX6Aa+hk0s=</latexit>

c4(s)

<latexit sha1_base64="VfSof46lCx0ylANFzkgGh4TKubQ="></latexit>

c4c6s8

16⇡2
⌧ c2

Assumed  
        small



<latexit sha1_base64="eQX+KpkRck/0u9IWMygZjipXyTA="></latexit>

c4c6s8

16⇡2
⇠ c2
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Real bounds little stronger 
(supersoftness still dead)

Real bounds much weaker 
<latexit sha1_base64="0mgeC/E2IDwL4qUOS3FSNCI5bQU="></latexit>

c6(s) < 0 oke.g.
<latexit sha1_base64="Cpm4JWR9Hb5c1TRUkisTkBWXuRs=">AAAB+nicdVDLTgJBEJz1ifhCPXqZSEw8bWYRBG5EL15MMJFHAkhmhwYnzD4y02tCkJ/wqidvxqs/48F/cXfFRI3WqVLVneouN1TSIGNv1sLi0vLKamYtu76xubWd29ltmiDSAhoiUIFuu9yAkj40UKKCdqiBe66Cljs+S/zWLWgjA/8KJyH0PD7y5VAKjrHUNl0M6MV1oZ/LM7taOSlVjimznUKVFZ2EFEvlAqOOzVLkyRz1fu69OwhE5IGPQnFjOg4LsTflGqVQMMt2IwMhF2M+gk5Mfe6B6U3Te2f0MDI8zg1BU6loKsL3jSn3jJl4bjzpcbwxv71E/MvrRDis9KbSDyMEXyRBKBWkQUZoGRcBdCA1IPLkcqDSp4JrjghaUi5ELEZxM9m4j6+n6f+kWbCdks0ui/na6byZDNknB+SIOKRMauSc1EmDCKLIPXkgj9ad9WQ9Wy+fowvWfGeP/ID1+gF5xZRN</latexit>

s ! M2

Some theories  never 
have tree-level regime

<
<latexit sha1_base64="XZaA6TYg7zsiZl+O80OqZj6jD/s=">AAAB+XicbVDLSgNBEOyNrxhfUY9eBoPgKWyM+AAPQS8eI5gHJEuYnXTikNkHM71CWPIRXvXkTbz6NR78F3fXRdRYp6Kqm64uN1TSkG2/W4WFxaXlleJqaW19Y3OrvL3TNkGkBbZEoALddblBJX1skSSF3VAj91yFHXdylfqde9RGBv4tTUN0PD725UgKTonUifvuiF3MBuWKXbUzsHlSy0kFcjQH5Y/+MBCRhz4JxY3p1eyQnJhrkkLhrNSPDIZcTPgYewn1uYfGibO4M3YQGU4BC1EzqVgm4s+NmHvGTD03mfQ43Zm/Xir+5/UiGp05sfTDiNAX6SGSCrNDRmiZ9IBsKDUS8TQ5MukzwTUnQi0ZFyIRo6SYUtbHeYqT7+/nSfuoWqtX6zfHlcZl3kwR9mAfDqEGp9CAa2hCCwRM4AEe4cmKrWfrxXr9Gi1Y+c4u/IL19gmjKZP0</latexit>

<latexit sha1_base64="E1aJHjMUp+2GqexLmKCowgbsXUw=">AAAB83icbVC7TsNAEFzzDOEVoKQ5ESFRRTYCQRlBQ5lI5CElVnS+bMIp57N1t0aKonwBLVR0iJYPouBfsI0LSJhqNLOrnZ0gVtKS6346K6tr6xubpa3y9s7u3n7l4LBto8QIbIlIRaYbcItKamyRJIXd2CAPA4WdYHKb+Z1HNFZG+p6mMfohH2s5koJTKjXtoFJ1a24Otky8glShQGNQ+eoPI5GEqEkobm3Pc2PyZ9yQFArn5X5iMeZiwsfYS6nmIVp/lgeds9PEcopYjIZJxXIRf2/MeGjtNAzSyZDTg130MvE/r5fQ6NqfSR0nhFpkh0gqzA9ZYWTaALKhNEjEs+TIpGaCG06ERjIuRComaSXltA9v8ftl0j6veZc1t3lRrd8UzZTgGE7gDDy4gjrcQQNaIADhCZ7hxUmcV+fNef8ZXXGKnSP4A+fjG4AQkYA=</latexit>s
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IR UV
Strongish Coupling

7

N � 2P at least one of the matrices in eqs. (16-19)
is of order > P and thus cannot be strictly positive,
and in particular must have vanishing determinant.
Indeed for N = 2P this just happens for H0

2P , while
for N > 2P +3 this holds for all matrices in eqs. (16-
19). The proof that eqs. (16-19) are all strictly sat-
isfied for N < 2P , is instead given as follows. In the
variable x 2 [0, 1] of section IB, the measure dµ(x)
consists of strictly positive delta functions located at
xk = ŝ2/M4

k for k = 1, . . . , P . For ŝ taking value in
the EFT, i.e. ŝ < M2

1 , there are thus P such delta’s
within (0, 1). Indicating by qP̄�1(x) a generic poly-
nomial of order P̄ �1, the Hankel matrices of order P̄
correspond to the quadratic forms generated by inte-
grating xa(1 � x)bqP̄�1(x)2 in dµ(x). The only way
this integral can give a vanishing result is to have one
of the zeroes of qP̄�1(x) to coincide with each of the
P delta’s in the measure. This can only happen if the
polynomial has at least degree P and the correspond-
ing Hankel matrix order P + 1: Hankel matrices of
order  P are strictly positive definite, while they are
only positive semi-definite if their order is > P . This
last result agrees with out previous argument based
on the determinant. Considering then eqs. (16-19),
this amounts to strict satisfaction for N < 2P and
marginal satisfaction for N � 2P . We conclude that,
for ŝ within the EFT, the arcs are in interior of A(N)
for N < 2P and at the boundary of A(2P ).

By the above result – in weakly coupled theories
– the measurements of the arcs in the IR allows to
indirectly count the number P of resonances in the
UV: P is just the smallest P̄ for which det H0

2P̄
= 0.

Furthermore the masses of such particles are given
by the roots of the P -th order polynomial in ŝ2 sat-
urating Eq. (18),

det
�
H0

2P�2 � ŝ2H1
2P�1

�
= 0 . (26)

Indeed H0
2P�2�ŝ2H1

2P�1 is a Hankel matrix to which
each resonance contributes a term proportional to
g2

k(1 � ŝ2/M4
k ). Then setting ŝ = M2

k for some k is
equivalent to eliminating one particle, bringing their
number down to P � 1. Our previous argument on
the determinant then implies eq. (26). This equation
also implies that for ŝ = M2

1 , just at the edge of the
EFT, the arcs are at the boundary of the A(2P � 1)
region. This can also be viewed by considering the
location xk = ŝ2/M4

k of the deltas in the variable
x: when ŝ approaches M2

1 from below, x1 aproaches
the edge x = 1 of the integration region, and the
contribution of the lightest resonance drops out when
integrated against (1 � x)qP̄�1(x)2. For P̄ = P the
zeroes of qP̄�1(x) can be chosen to coincide with the

location of the remaining P � 1 heavier resonances,
hence det

�
H0

2P�2 � M4
1 H1

2P�1

�
= 0. On the other

hand, for P̄ < P , qP̄�1(x) has fewer zeroes than there
are resonances. This implies that for N < 2P � 1
eq. (Eq. (18)) is still strictly satisfied for ŝ = M2

1

and that ŝ > M2
1 is needed in order to violate it:

N = 2P � 1 arcs allows an optimal estimate of the
EFT cut-o↵ M1, while for N < 2P � 1 the estimate
is always suboptimal.

As an example, consider two heavy particles 'i=1,2

of masses Mi and trilinear vertex gip
2
(@⇡)2'i/Mi,

matching Eq. (25) – here ⇡ is the massless state as-
sociated with the 2 ! 2 amplitude. The first 3 arcs
a0,1,2 populate the bulk of the allowed region A(2) of
Eq. (20) and Fig. 2, even for ŝ = M1. An estimate
of the cuto↵ using only these 3 arcs, ŝ2 < a1/a2,
produces values that are always above the true cut-
o↵ ŝ = M2

1 . By instead considering 4 arcs a0,1,2,3,
the estimated cuto↵ becomes exact: Eq. (26) is sat-
isfied for ŝ = M2

1 . Including 5 arcs, Eq. (16) is found
to be marginally satisfied, i.e. det H0

4 = 0, thus de-
termining the number of states.

B. Beyond Tree Level

Under which circumstances is the tree-level ap-
proximation an = c2n+2 for all n, a good approxi-
mation, and when do the conclusions of the previous
section hold?

To answer this, we study an EFT including RG
e↵ects, restricting for simplicity to the massless case
(where ŝ = s). Moreover, in order for the forward
limit to be well-defined, we focus on the case of a
Goldstone �, invariant under � ! � + b, where the
forward amplitude starts at order O(s2).7 Up to
O(s6) the most general amplitude can be written in
the upper half plane as,

M(s)=c2s
2 + s4 [c4+�4 log(�is)] � i⇡s5�5/2 (27)

+s6
⇥
c6 + �6 log(�is) + �0

6 log2(�is)
⇤
+ O(s7) ,

where log is defined in the standard way, with the
cut on the negative real semi-axis. Then we have
2 log(�is) = log(s) + log(�s) for Ims � 0 and
log(s)� log(�s) = i⇡. For ease of notation we set the
RG scale µ = 1, but the generic choice is reinstated
through log(�is) ! log(�is/µ2), cn ! cn(µ). An
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2P̄
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det
�
H0

2P�2 � ŝ2H1
2P�1

�
= 0 . (26)

Indeed H0
2P�2�ŝ2H1
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c4(s)

e.g XPt



Summary
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IR UV

Unitarity
Causality

Lorentz invariance
LocalitySupersoftness

mHS>1/LHS

IR running important

momentsConstrained EFTs
Only 3(2) coefficients can dominate

<latexit sha1_base64="5DUnQzz5lNEnBaz/5r/vXSYQE24="></latexit>c2 c2,1 c2,2 · · ·
c4 c4,1 c4,2 · · ·
c6 c6,1 c6,2 · · ·
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LHC

Energy

New Physics searches (so far)

New Physics searches (future) : EFTsintensity  

(2019: 100 fb-1)

(2035: 3000 fb-1)

Operator Dimension
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…
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11

violate B,L

Experimental bounds

Theory Positivity Bounds

- Standard Model -

Froissart Bound

Experiments target leading effects
(generically dim-6)

BSM

}2-sided bounds
(can’t be the leading effect)

Overlap?

SM Precision tests
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…

5

7

9

11

violate B,L

Experimental bounds

Theory Positivity Bounds

- Standard Model -

Froissart Bound

Experiments target leading effects

BSM

}2-sided bounds
(can’t be the leading effect)

Gu,Wang,Zhang’20


Low,Rattazzi,Vichi’12

Falkowski,Rychkow,Urbano’12


Remmen,Rodd’20

Zhang,Zhou’20


Stronger UV convergence ➙ Bounds/sum rules on   
                                         dimension-6  

UV Assumptions

𝛿<0 ➙ Isospin-2 light resonance

SM Precision tests
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9

11

violate B,L

Experimental bounds

Theory Positivity Bounds

- Standard Model -

Froissart Bound
Experiments target leading effects

BSM

}2-sided bounds
(can’t be the leading effect)

Gu,Wang,Zhang’20


IR Features Non-linear IR symmetries: suppress dim-6 
➙experiments target dim-8

Bellazzini,FR’18


Quarks as PseudoGoldstini:
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<latexit sha1_base64="jW22Rd7dCZasHcAAL0eQDWUmUQQ=">AAAB+nicbVC7TsNAEDyHVwivACXNiQiJKrIJ4tFF0FAGiTykxIrOl0245Gyf7tZIkclP0EJFh2j5GQr+BdtYCAhTjWZ2NbvjKSkM2va7VVhYXFpeKa6W1tY3NrfK2zstE0aaQ5OHMtQdjxmQIoAmCpTQURqY70loe5PL1G/fgTYiDG5wqsD12SgQQ8EZJlJHqR6GdDzulyt21c5A54mTkwrJ0eiXP3qDkEc+BMglM6br2ArdmGkUXMKs1IsMKMYnbATdhAbMB+PG2b0zehAZlsQq0FRImonwcyNmvjFT30smfYa35q+Xiv953QiHZ24sAhUhBDwNQiEhCzJci6QIoAOhAZGllwMVAeVMM0TQgjLOEzFKmillfZynOPn+fp60jqpOrVq7Pq7UL/JmimSP7JND4pBTUidXpEGahBNJHsgjebLurWfrxXr9Gi1Y+c4u+QXr7RO9J5SZ</latexit>

data

Positivity
Bellazzini,FR,Sgarlata,Serra’17


<latexit sha1_base64="z3123XnocWptlZ/VqIa0gPMZQC4="></latexit>
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pp ! ZZ
<latexit sha1_base64="TYY3DWVkOgMunzuPOk34mDswKcM=">AAAB+nicbVC7TsNAEDyHVwivACXNiQiJKrIJ4tFF0FAGiTyUxIrOl0045Wyf7tZIkclP0EJFh2j5GQr+BdtYCAhTjWZ2NbvjKSkM2va7VVhYXFpeKa6W1tY3NrfK2zstE0aaQ5OHMtQdjxmQIoAmCpTQURqY70loe5PL1G/fgTYiDG5wqsD12TgQI8EZJlJHqT6GtNsdlCt21c5A54mTkwrJ0RiUP/rDkEc+BMglM6bn2ArdmGkUXMKs1I8MKMYnbAy9hAbMB+PG2b0zehAZlsQq0FRImonwcyNmvjFT30smfYa35q+Xiv95vQhHZ24sAhUhBDwNQiEhCzJci6QIoEOhAZGllwMVAeVMM0TQgjLOEzFKmillfZynOPn+fp60jqpOrVq7Pq7UL/JmimSP7JND4pBTUidXpEGahBNJHsgjebLurWfrxXr9Gi1Y+c4u+QXr7ROLN5R5</latexit>

data

Positivity

Pseudo-Goldstone Higgs 
(flat coset): Bellazzini,FR’18


Liu,Pomarol,Rattazzi,FR’16

<latexit sha1_base64="bG1jOOo9oBm+rbeqvYFUj3flRIQ="></latexit>
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SM Precision tests



SM Precision tests

4
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12

…

5

7

9

11

violate B,L

Experimental bounds

Theory Positivity Bounds

- Standard Model -

Froissart Bound
Experiments target leading effects

BSM

}2-sided bounds
(can’t be the leading effect)

Gu,Wang,Zhang’20


IR Features processes without dim-6
➙experiments target dim-8

Bellazzini,FR’18

Gu,Wang,Zhang’20

<latexit sha1_base64="7zbzs0Rzis1bRWCpVmBe/GzxwbI=">AAACCXicbVC7TsNAEDzzJrwCiIrmRISEhAh2hIASQUMZJBKixCZaXxY45Xx27tZIyOIL+ApaqOgQLV9Bwb/ghBRAmGo0s6vZnTBR0pLrfjhj4xOTU9Mzs4W5+YXFpeLySt3GqRFYE7GKTSMEi0pqrJEkhY3EIEShwouwe9L3L27RWBnrc7pLMIjgWssrKYByqV1cw8ttvNzZ9UMwvMd7PsW82WwXS27ZHYCPEm9ISmyIarv46XdikUaoSSiwtuW5CQUZGJJC4X3BTy0mILpwja2caojQBtng/Hu+mVrIYxM0XCo+EPHnRgaRtXdRmE9GQDf2r9cX//NaKV0dBpnUSUqoRT+IpMJBkBVG5r0g70iDRNC/HLnUXIABIjSSgxC5mOZFFfI+vL/fj5J6peztlytne6Wj42EzM2ydbbAt5rEDdsROWZXVmGAZe2RP7Nl5cF6cV+fte3TMGe6ssl9w3r8AEqiY3A==</latexit>

e+e�/q̄q ! ZZ no dimension-6!

Helicity selection rules:
Azatov,Contino,Machado,FR’16

<latexit sha1_base64="J+DoM1/5WNyiYGXkCa7/yodmU8Q=">AAAB+XicbVC7TsNAEDyHVwivACXNiQgpNJEdIaCMoKFBCoI8pMSKzpdNcsr5bN2tkSIrH0ELFR2i5Wso+Bds4wISphrN7GpnxwulMGjbn1ZhZXVtfaO4Wdra3tndK+8ftE0QaQ4tHshAdz1mQAoFLRQooRtqYL4noeNNr1O/8wjaiEA94CwE12djJUaCM0ykzqQa39/OTwflil2zM9Bl4uSkQnI0B+Wv/jDgkQ8KuWTG9Bw7RDdmGgWXMC/1IwMh41M2hl5CFfPBuHEWd05PIsMwoCFoKiTNRPi9ETPfmJnvJZM+w4lZ9FLxP68X4ejSjYUKIwTF00MoJGSHDNci6QHoUGhAZGlyoEJRzjRDBC0o4zwRo6SYUtKHs/j9MmnXa855rX53Vmlc5c0UyRE5JlXikAvSIDekSVqEkyl5Is/kxYqtV+vNev8ZLVj5ziH5A+vjG08yk50=</latexit>

h(SM)
<latexit sha1_base64="da8xnJXQUQXzi50DcLkJuKGkqsk=">AAACBnicbVC7TsNAEDzzJrwClDQnIqTQRDZCgRJBQwdIBJASE60vCznlfLbu1ghkuecraKGiQ7T8BgX/gm1c8JpqNLOrnZ0gVtKS6747Y+MTk1PTM7O1ufmFxaX68sqZjRIjsCMiFZmLACwqqbFDkhRexAYhDBSeB6ODwj+/QWNlpE/pLkY/hGstr6QAyqV+fWXY7IVAQwEqPcou03a22a833JZbgv8lXkUarMJxv/7RG0QiCVGTUGBt13Nj8lMwJIXCrNZLLMYgRnCN3ZxqCNH6aZk94xuJBYp4jIZLxUsRv2+kEFp7Fwb5ZJHT/vYK8T+vm9DVrp9KHSeEWhSHSCosD1lhZF4K8oE0SARFcuRScwEGiNBIDkLkYpK3VMv78H5//5ecbbW8dmvrZLuxt181M8PW2DprMo/tsD12yI5Zhwl2yx7YI3ty7p1n58V5/Rodc6qdVfYDztsnfvqYrQ==</latexit>

h(O6)
<latexit sha1_base64="D/DQAQwtnFMCZ744g7RMjvaI33E=">AAACBnicbVC7TsNAEDyHd3gZKGlOREihiewIQUoEDR0gEYKUhGh92SSnnB+6WyOQ5Z6voIWKDtHyGxT8C7ZJAYGpRjO72tnxIiUNOc6HVZqZnZtfWFwqL6+srq3bG5tXJoy1wKYIVaivPTCoZIBNkqTwOtIIvqew5Y1Pcr91i9rIMLik+wi7PgwDOZACKJN69uao2vGBRgJUcpbeJI10r2dXnJpTgP8l7oRU2ATnPfuz0w9F7GNAQoExbdeJqJuAJikUpuVObDACMYYhtjMagI+mmxTZU74bG6CQR6i5VLwQ8edGAr4x976XTeY5zbSXi/957ZgGjW4igygmDER+iKTC4pARWmalIO9LjUSQJ0cuAy5AAxFqyUGITIyzlspZH+7093/JVb3mHtTqF/uVo+NJM4tsm+2wKnPZITtip+ycNZlgd+yRPbFn68F6sV6tt+/RkjXZ2WK/YL1/AYIcmK8=</latexit>

h(O8)
4,0
2
2
2

total helicity
dim-6 don’t interfere with SM, dim-8 do

Positivity guide experiment



IR Effects alter Bounds

Running
Collinear 

Divergences

<latexit sha1_base64="EvKebDorvLtB2LQKbYGeNpNvJt4=">AAACJXicbVC7TsNAEDyHd3gFKGlOREhUkR2FRxlBQwkSAaQ4idbHJpy4s627NVJk+Tv4BL6CFio6hESB+BUckwISphrN7Gp3JoiVtOS6H05pZnZufmFxqby8srq2XtnYvLRRYgS2RKQicx2ARSVDbJEkhdexQdCBwqvg7mTkX92jsTIKL2gYY0fDIJR9KYByqVfxfCs19/sGRCp69W6d224jS70D7seyW8+4r6LBj22z1NdJ1qtU3ZpbgE8Tb0yqbIyzXuXTv4lEojEkocDatufG1EnBkBQKs7KfWIxB3MEA2zkNQaPtpEW0jO8mFijiMRouFS9E/L2RgrZ2qIN8UgPd2klvJP7ntRPqH3VSGcYJYShGh0gqLA5ZYWTeGfIbaZAIRp8jlyEXYIAIjeQgRC4meYnlvA9vMv00uazXvP2ae96oNo/HzSyybbbD9pjHDlmTnbIz1mKCPbAn9sxenEfn1Xlz3n9GS854Z4v9gfP1DeIcpRc=</latexit>
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<latexit sha1_base64="5O5mo3hURs7dL7C02gc44gEodFE=">AAAB9XicdVC7TsNAEDyHVwivACXNiQiJynJeJOkiaCiDIA8psaLzZRNOOT90twZFVj6BFio6RMv3UPAv2E6QAMFUo5ld7ew4gRQaLevdyKysrq1vZDdzW9s7u3v5/YOO9kPFoc196auewzRI4UEbBUroBQqY60joOtOLxO/egdLC925wFoDtsoknxoIzjKVrPiwN8wXLrNZr9UaFxqTRKFkLUj4r12jRtFIUyBKtYf5jMPJ56IKHXDKt+0UrQDtiCgWXMM8NQg0B41M2gX5MPeaCtqM06pyehJqhTwNQVEiaivB9I2Ku1jPXiSddhrf6t5eIf3n9EMd1OxJeECJ4PDmEQkJ6SHMl4g6AjoQCRJYkByo8ypliiKAEZZzHYhiXkov7+Hqa/k86JbNYNa2rSqF5vmwmS47IMTklRVIjTXJJWqRNOJmQB/JInox749l4MV4XoxljuXNIfsB4+wQuH5J8</latexit>c2

<latexit sha1_base64="5O5mo3hURs7dL7C02gc44gEodFE=">AAAB9XicdVC7TsNAEDyHVwivACXNiQiJynJeJOkiaCiDIA8psaLzZRNOOT90twZFVj6BFio6RMv3UPAv2E6QAMFUo5ld7ew4gRQaLevdyKysrq1vZDdzW9s7u3v5/YOO9kPFoc196auewzRI4UEbBUroBQqY60joOtOLxO/egdLC925wFoDtsoknxoIzjKVrPiwN8wXLrNZr9UaFxqTRKFkLUj4r12jRtFIUyBKtYf5jMPJ56IKHXDKt+0UrQDtiCgWXMM8NQg0B41M2gX5MPeaCtqM06pyehJqhTwNQVEiaivB9I2Ku1jPXiSddhrf6t5eIf3n9EMd1OxJeECJ4PDmEQkJ6SHMl4g6AjoQCRJYkByo8ypliiKAEZZzHYhiXkov7+Hqa/k86JbNYNa2rSqF5vmwmS47IMTklRVIjTXJJWqRNOJmQB/JInox749l4MV4XoxljuXNIfsB4+wQuH5J8</latexit>c2

<latexit sha1_base64="ERv8J8rizK26epq1Z/EmfvECM+g=">AAACJ3icbVDJSgNBFOxxjXEb9eilMQiewkxcj0EvHiOYKGRieNO+xMaehe43QhjmQ/wEv8KrnryJHjz4J3aWg1tBQ1FVj9evwlRJQ5737kxNz8zOzZcWyotLyyur7tp6yySZFtgUiUr0ZQgGlYyxSZIUXqYaIQoVXoS3J0P/4g61kUl8ToMUOxH0Y9mTAshKXXc3MDLiQU+DyEW3dlXjxj66qhW5f8CDVFrGA5X0xxFT5FR03YpX9Ubgf4k/IRU2QaPrfgTXicgijEkoMKbteyl1ctAkhcKiHGQGUxC30Me2pTFEaDr56LiCb2cGKOEpai4VH4n4fSKHyJhBFNpkBHRjfntD8T+vnVHvqJPLOM0IYzFcRFLhaJERWtrWkF9LjUQw/DlyGXMBGohQSw5CWDGzNZZtH/7v6/+SVq3q71e9s71K/XjSTIltsi22w3x2yOrslDVYkwl2zx7ZE3t2HpwX59V5G0ennMnMBvsB5/MLz36lgw==</latexit>

⇠ c22s
2t2

16⇡2
log

s

t

<latexit sha1_base64="5O5mo3hURs7dL7C02gc44gEodFE=">AAAB9XicdVC7TsNAEDyHVwivACXNiQiJynJeJOkiaCiDIA8psaLzZRNOOT90twZFVj6BFio6RMv3UPAv2E6QAMFUo5ld7ew4gRQaLevdyKysrq1vZDdzW9s7u3v5/YOO9kPFoc196auewzRI4UEbBUroBQqY60joOtOLxO/egdLC925wFoDtsoknxoIzjKVrPiwN8wXLrNZr9UaFxqTRKFkLUj4r12jRtFIUyBKtYf5jMPJ56IKHXDKt+0UrQDtiCgWXMM8NQg0B41M2gX5MPeaCtqM06pyehJqhTwNQVEiaivB9I2Ku1jPXiSddhrf6t5eIf3n9EMd1OxJeECJ4PDmEQkJ6SHMl4g6AjoQCRJYkByo8ypliiKAEZZzHYhiXkov7+Hqa/k86JbNYNa2rSqF5vmwmS47IMTklRVIjTXJJWqRNOJmQB/JInox749l4MV4XoxljuXNIfsB4+wQuH5J8</latexit>c2

<latexit sha1_base64="5O5mo3hURs7dL7C02gc44gEodFE=">AAAB9XicdVC7TsNAEDyHVwivACXNiQiJynJeJOkiaCiDIA8psaLzZRNOOT90twZFVj6BFio6RMv3UPAv2E6QAMFUo5ld7ew4gRQaLevdyKysrq1vZDdzW9s7u3v5/YOO9kPFoc196auewzRI4UEbBUroBQqY60joOtOLxO/egdLC925wFoDtsoknxoIzjKVrPiwN8wXLrNZr9UaFxqTRKFkLUj4r12jRtFIUyBKtYf5jMPJ56IKHXDKt+0UrQDtiCgWXMM8NQg0B41M2gX5MPeaCtqM06pyehJqhTwNQVEiaivB9I2Ku1jPXiSddhrf6t5eIf3n9EMd1OxJeECJ4PDmEQkJ6SHMl4g6AjoQCRJYkByo8ypliiKAEZZzHYhiXkov7+Hqa/k86JbNYNa2rSqF5vmwmS47IMTklRVIjTXJJWqRNOJmQB/JInox749l4MV4XoxljuXNIfsB4+wQuH5J8</latexit>c2
<latexit sha1_base64="HgcmpL6uZKhUEKFhIypgobKeFOM="></latexit>
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Change relation Wilson coeff.      arcs (on which bounds apply) 



Polygons vs Polynomials
Arkani-Hamed,Huang2,2020
 Bellazzini, Elias-Miro, Rattazzi, Riembau, FR’20


Positivity from geometry Different “functional”approach

Forward Bounds for infinite arcs same

ArcsResidues

Suitable for EFT cutoff estimate

Ideal for running

<
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Focus on “Optimal” bounds  
for finite many arcs, 
(both forward and at finite-t)

<latexit sha1_base64="Wa8k/niVYDh7kZ25A8HF0YjJYck=">AAACFnicbVC7TgJBFJ3FF+ILtbSZQEwwBtglGmlIiDaWmMgjASSzwwUnzD6YuWsgG3o/wa+w1crO2Npa+C8uSKHoqU7OuTf3nmP7Umg0zQ8jtrS8sroWX09sbG5t7yR392raCxSHKvekpxo20yCFC1UUKKHhK2COLaFuDy6mfv0OlBaee41jH9oO67uiJzjDSOokU1Z2lC9kRzeFfPG4xbse6tIwMzoqtfRQYRi5k04ybebMGehfYs1JmsxR6SQ/W12PBw64yCXTummZPrZDplBwCZNEK9DgMz5gfWhG1GUO6HY4yzKhh4Fm6FEfFBWSzkT4uREyR+uxY0eTDsNbvehNxf+8ZoC9YjsUrh8guHx6CIWE2SHNlYhKAtoVChDZ9HOgwqWcKYYISlDGeSQGUWuJqA9rMf1fUivkrNOceXWSLp/Pm4mTA5IiGWKRM1Iml6RCqoSTe/JInsiz8WC8GK/G2/dozJjv7JNfMN6/AA2snac=</latexit>

1� x/2� x2/8 + · · · = q(x) =
p
1� x

Two-sided bounds



Galileon Nicolois,Rattazzi,Trincherini’08Beyond forward: 

<latexit sha1_base64="6APR1xWF6KuB6Hxfpd6x141OKJA="></latexit>
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<latexit sha1_base64="XZ8YmGvqUr8oGQ7aZLdGFuLEqMk=">AAACFXicbVC5TsNAFFxzhnAFKGkWIiQKFNkIBA1SgIYySCRESoL1vHmBFWt72X1GiqzUfAJfQQsVHaKlpuBfsEMKrqlGM++cQCtpyXXfnbHxicmp6cJMcXZufmGxtLTcsHFiBNZFrGLTDMCikhHWSZLCpjYIYaDwPLg+zv3zWzRWxtEZ9TV2QriMZE8KoEzyS2vCT/XWzeCgrcGQBOXTxU07BLoSoNLDga/9UtmtuEPwv8QbkTIboeaXPtrdWCQhRiQUWNvyXE2dNB8vFA6K7cSiBnENl9jKaAQh2k46fGXANxILFHONhkvFhyJ+70ghtLYfBlllfqT97eXif14rod5+J5WRTggjkS8iqXC4yAojs4yQd6VBIsgvRy4jLsAAERrJQYhMTLLQilke3u/v/5LGdsXbrbinO+Xq0SiZAltl62yTeWyPVdkJq7E6E+yOPbBH9uTcO8/Oi/P6VTrmjHpW2A84b59E45+r</latexit>
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tAp

<latexit sha1_base64="gSM8+CuUmLczB+guz7lOvy2Aa8k=">AAACDXicbVC7TsNAEDyHVwivABWiOREhUUU2AkEZQUMZJPKQkhCtL5twyvnB3Ropsiw+ga+ghYoO0fINFPwLtkkBgalGM7s7d+OGShqy7Q+rMDe/sLhUXC6trK6tb5Q3t5omiLTAhghUoNsuGFTSxwZJUtgONYLnKmy54/PMb92hNjLwr2gSYs+DkS+HUgClUr+8E3fzI7HGQdINQZME1afr26RfrthVOwf/S5wpqbAp6v3yZ3cQiMhDn4QCYzqOHVIvzk4KhUmpGxkMQYxhhJ2U+uCh6cV5esL3IwMU8BA1l4rnIv7ciMEzZuK56aQHdGNmvUz8z+tENDztxdIPI0JfZEEkFeZBRmiZdoN8IDUSQfZy5NLnAjQQoZYchEjFKC2rlPbhzP7+L2keVp3jqn15VKmdTZspsl22xw6Yw05YjV2wOmswwe7ZI3tiz9aD9WK9Wm/fowVrurPNfsF6/wK3wZy/</latexit>
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<latexit sha1_base64="6APR1xWF6KuB6Hxfpd6x141OKJA="></latexit>

An(s, t) =
2

⇡

Z 1

s
ds0

ImA(s0, t)

(ŝ0 + t
2 )

2n+3

<latexit sha1_base64="gSM8+CuUmLczB+guz7lOvy2Aa8k=">AAACDXicbVC7TsNAEDyHVwivABWiOREhUUU2AkEZQUMZJPKQkhCtL5twyvnB3Ropsiw+ga+ghYoO0fINFPwLtkkBgalGM7s7d+OGShqy7Q+rMDe/sLhUXC6trK6tb5Q3t5omiLTAhghUoNsuGFTSxwZJUtgONYLnKmy54/PMb92hNjLwr2gSYs+DkS+HUgClUr+8E3fzI7HGQdINQZME1afr26RfrthVOwf/S5wpqbAp6v3yZ3cQiMhDn4QCYzqOHVIvzk4KhUmpGxkMQYxhhJ2U+uCh6cV5esL3IwMU8BA1l4rnIv7ciMEzZuK56aQHdGNmvUz8z+tENDztxdIPI0JfZEEkFeZBRmiZdoN8IDUSQfZy5NLnAjQQoZYchEjFKC2rlPbhzP7+L2keVp3jqn15VKmdTZspsl22xw6Yw05YjV2wOmswwe7ZI3tiz9aD9WK9Wm/fowVrurPNfsF6/wK3wZy/</latexit>

@q
t

<latexit sha1_base64="z49qwoS2ye++5zG1xSYH/hcDTeQ="></latexit>

A2!2(s, t) = c0 + c2s
2 + c2,1s

2t+ c4s
4 + · · ·+ cn,msntm

<latexit sha1_base64="5DUnQzz5lNEnBaz/5r/vXSYQE24="></latexit>c2 c2,1 c2,2 · · ·
c4 c4,1 c4,2 · · ·
c6 c6,1 c6,2 · · ·
...

...
...

powers of t

po
w
er

s 
o
f 

s
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Martin’65


<latexit sha1_base64="yOfgaIOTQOpD4mdnTwdslCRM/rY="></latexit>

@q
t ImA|t=0 > 0

3. Finite-t supersoftness and Galileons

<latexit sha1_base64="49alkcTsgfYObYbc24VUMalwXSA=">AAACCnicbVDLTgJBEJzFF+ILNfHiZSIx8WDILmL0SPTiERN5JICkd2hwwuwjM70mZN0/8Cu86smb8epPePBfXJCDgnWqVHWnq8sNlTRk259WZmFxaXklu5pbW9/Y3Mpv79RNEGmBNRGoQDddMKikjzWSpLAZagTPVdhwh5djv3GP2sjAv6FRiB0PBr7sSwGUSt38XruvQcSiG5ePncTcniQpLyXdfMEu2hPweeJMSYFNUe3mv9q9QEQe+iQUGNNy7JA6MWiSQmGSa0cGQxBDGGArpT54aDrxJH/CDyMDFPAQNZeKT0T8vRGDZ8zIc9NJD+jOzHpj8T+vFVH/vBNLP4wIfTE+RFLh5JARWqbFIO9JjUQwTo5c+lyABiLUkoMQqRilTeXSPpzZ7+dJvVR0Tov2dblQuZg2k2X77IAdMYedsQq7YlVWY4I9sCf2zF6sR+vVerPef0Yz1nRnl/2B9fENYqyaOw==</latexit>

c4,1s3

c2

<latexit sha1_base64="zecc7GEg8DAotX1MvnX7jsd9Dsk=">AAACCHicbVC7TsNAEDzzDOEVHh3NiQiJAkV2BIIygoYySOQhJZa1vmzCKeeH7tZIwfIP8BW0UNEhWv6Cgn/BCSkgYarRzK52dvxYSUO2/WktLC4tr6wW1orrG5tb26Wd3aaJEi2wISIV6bYPBpUMsUGSFLZjjRD4Clv+8Grst+5RGxmFtzSK0Q1gEMq+FEC55JX2u30NIhVeWj1xMpPlrJp5pbJdsSfg88SZkjKbou6Vvrq9SCQBhiQUGNNx7JjcFDRJoTArdhODMYghDLCT0xACNG46SZ/xo8QARTxGzaXiExF/b6QQGDMK/HwyALozs95Y/M/rJNS/cFMZxglhKMaHSCqcHDJCy7wW5D2pkQjGyZHLkAvQQIRachAiF5O8p2LehzP7/TxpVivOWcW+OS3XLqfNFNgBO2THzGHnrMauWZ01mGAP7Ik9sxfr0Xq13qz3n9EFa7qzx/7A+vgGJNyZlA==</latexit>c2,1s

c2

<latexit sha1_base64="4n28D0bY1ovMXnw2MMK9K0n+UDQ=">AAACCHicbVDLTgJBEJzFF+ILHzcvE4mJJ7JLMHokevGIiTwSQNI7NDhh9pGZXhPc7A/4FV715M149S88+C/uIgcF61Sp6k5Xlxsqaci2P63c0vLK6lp+vbCxubW9U9zda5og0gIbIlCBbrtgUEkfGyRJYTvUCJ6rsOWOLzO/dY/ayMC/oUmIPQ9GvhxKAZRK/eJBd6hBxKIfVxNzW0lSVkn6xZJdtqfgi8SZkRKbod4vfnUHgYg89EkoMKbj2CH1YtAkhcKk0I0MhiDGMMJOSn3w0PTiafqEH0cGKOAhai4Vn4r4eyMGz5iJ56aTHtCdmfcy8T+vE9HwvBdLP4wIfZEdIqlwesgILdNakA+kRiLIkiOXPheggQi15CBEKkZpT4W0D2f++0XSrJSd07J9XS3VLmbN5NkhO2InzGFnrMauWJ01mGAP7Ik9sxfr0Xq13qz3n9GcNdvZZ39gfXwDehWZyQ==</latexit>

c4s2

c2<latexit sha1_base64="49alkcTsgfYObYbc24VUMalwXSA=">AAACCnicbVDLTgJBEJzFF+ILNfHiZSIx8WDILmL0SPTiERN5JICkd2hwwuwjM70mZN0/8Cu86smb8epPePBfXJCDgnWqVHWnq8sNlTRk259WZmFxaXklu5pbW9/Y3Mpv79RNEGmBNRGoQDddMKikjzWSpLAZagTPVdhwh5djv3GP2sjAv6FRiB0PBr7sSwGUSt38XruvQcSiG5ePncTcniQpLyXdfMEu2hPweeJMSYFNUe3mv9q9QEQe+iQUGNNy7JA6MWiSQmGSa0cGQxBDGGArpT54aDrxJH/CDyMDFPAQNZeKT0T8vRGDZ8zIc9NJD+jOzHpj8T+vFVH/vBNLP4wIfTE+RFLh5JARWqbFIO9JjUQwTo5c+lyABiLUkoMQqRilTeXSPpzZ7+dJvVR0Tov2dblQuZg2k2X77IAdMYedsQq7YlVWY4I9sCf2zF6sR+vVerPef0Yz1nRnl/2B9fENYqyaOw==</latexit>

c4,1s3

c2

<latexit sha1_base64="zecc7GEg8DAotX1MvnX7jsd9Dsk=">AAACCHicbVC7TsNAEDzzDOEVHh3NiQiJAkV2BIIygoYySOQhJZa1vmzCKeeH7tZIwfIP8BW0UNEhWv6Cgn/BCSkgYarRzK52dvxYSUO2/WktLC4tr6wW1orrG5tb26Wd3aaJEi2wISIV6bYPBpUMsUGSFLZjjRD4Clv+8Grst+5RGxmFtzSK0Q1gEMq+FEC55JX2u30NIhVeWj1xMpPlrJp5pbJdsSfg88SZkjKbou6Vvrq9SCQBhiQUGNNx7JjcFDRJoTArdhODMYghDLCT0xACNG46SZ/xo8QARTxGzaXiExF/b6QQGDMK/HwyALozs95Y/M/rJNS/cFMZxglhKMaHSCqcHDJCy7wW5D2pkQjGyZHLkAvQQIRachAiF5O8p2LehzP7/TxpVivOWcW+OS3XLqfNFNgBO2THzGHnrMauWZ01mGAP7Ik9sxfr0Xq13qz3n9EFa7qzx/7A+vgGJNyZlA==</latexit>c2,1s

c2

<latexit sha1_base64="4n28D0bY1ovMXnw2MMK9K0n+UDQ=">AAACCHicbVDLTgJBEJzFF+ILHzcvE4mJJ7JLMHokevGIiTwSQNI7NDhh9pGZXhPc7A/4FV715M149S88+C/uIgcF61Sp6k5Xlxsqaci2P63c0vLK6lp+vbCxubW9U9zda5og0gIbIlCBbrtgUEkfGyRJYTvUCJ6rsOWOLzO/dY/ayMC/oUmIPQ9GvhxKAZRK/eJBd6hBxKIfVxNzW0lSVkn6xZJdtqfgi8SZkRKbod4vfnUHgYg89EkoMKbj2CH1YtAkhcKk0I0MhiDGMMJOSn3w0PTiafqEH0cGKOAhai4Vn4r4eyMGz5iJ56aTHtCdmfcy8T+vE9HwvBdLP4wIfZEdIqlwesgILdNakA+kRiLIkiOXPheggQi15CBEKkZpT4W0D2f++0XSrJSd07J9XS3VLmbN5NkhO2InzGFnrMauWJ01mGAP7Ik9sxfr0Xq13qz3n9GcNdvZZ39gfXwDehWZyQ==</latexit>

c4s2

c2

Negative, but limited 
by other moments

Optimal bounds for single t-derivative:

Bellazzini,Elias-Miro,

Rattazzi,Riembau,FR’20


also deRham,Melville,Tolley,Zhou’17 :  

<latexit sha1_base64="7edc8QwxOWvbV6HER40+N64p6u0="></latexit>

c2,1 > �3

2

p
c4c2

<latexit sha1_base64="xtvsL0+AmgkbO57spNzhKGeZJWY=">AAAB+3icdVDLTgJBEJzFF+IL9ehlIjHxIi4LCFwM0YtHTORhgJDZocEJs7ObmV4TQvgKr3ryZrz6MR78F3cBEzVap0pVd7q63EAKg7b9biWWlldW15LrqY3Nre2d9O5ew/ih5lDnvvR1y2UGpFBQR4ESWoEG5rkSmu7oMvab96CN8NUNjgPoemyoxEBwhpF0e36S5z3n1DG9dMbOFsulcqVAI1KpOPac5M/yJZrL2jNkyAK1Xvqj0/d56IFCLpkx7ZwdYHfCNAouYZrqhAYCxkdsCO2IKuaB6U5mgaf0KDQMfRqApkLSmQjfNybMM2bsudGkx/DO/PZi8S+vHeKg3J0IFYQIiseHUEiYHTJci6gJoH2hAZHFyYEKRTnTDBG0oIzzSAyjalJRH19P0/9Jw8nmiln7upCpXiyaSZIDckiOSY6USJVckRqpE0488kAeyZM1tZ6tF+t1PpqwFjv75Aest09Uk5Qq</latexit>

> �3c2/2s

Can be slightly negative

At tree level:



Beyond forward: 
<latexit sha1_base64="z49qwoS2ye++5zG1xSYH/hcDTeQ="></latexit>

A2!2(s, t) = c0 + c2s
2 + c2,1s

2t+ c4s
4 + · · ·+ cn,msntm

<latexit sha1_base64="5DUnQzz5lNEnBaz/5r/vXSYQE24="></latexit>c2 c2,1 c2,2 · · ·
c4 c4,1 c4,2 · · ·
c6 c6,1 c6,2 · · ·
...

...
...
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powers of t
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Galileon Nicolois,Rattazzi,Trrincherini’08

<latexit sha1_base64="49alkcTsgfYObYbc24VUMalwXSA=">AAACCnicbVDLTgJBEJzFF+ILNfHiZSIx8WDILmL0SPTiERN5JICkd2hwwuwjM70mZN0/8Cu86smb8epPePBfXJCDgnWqVHWnq8sNlTRk259WZmFxaXklu5pbW9/Y3Mpv79RNEGmBNRGoQDddMKikjzWSpLAZagTPVdhwh5djv3GP2sjAv6FRiB0PBr7sSwGUSt38XruvQcSiG5ePncTcniQpLyXdfMEu2hPweeJMSYFNUe3mv9q9QEQe+iQUGNNy7JA6MWiSQmGSa0cGQxBDGGArpT54aDrxJH/CDyMDFPAQNZeKT0T8vRGDZ8zIc9NJD+jOzHpj8T+vFVH/vBNLP4wIfTE+RFLh5JARWqbFIO9JjUQwTo5c+lyABiLUkoMQqRilTeXSPpzZ7+dJvVR0Tov2dblQuZg2k2X77IAdMYedsQq7YlVWY4I9sCf2zF6sR+vVerPef0Yz1nRnl/2B9fENYqyaOw==</latexit>

c4,1s3

c2

<latexit sha1_base64="zecc7GEg8DAotX1MvnX7jsd9Dsk=">AAACCHicbVC7TsNAEDzzDOEVHh3NiQiJAkV2BIIygoYySOQhJZa1vmzCKeeH7tZIwfIP8BW0UNEhWv6Cgn/BCSkgYarRzK52dvxYSUO2/WktLC4tr6wW1orrG5tb26Wd3aaJEi2wISIV6bYPBpUMsUGSFLZjjRD4Clv+8Grst+5RGxmFtzSK0Q1gEMq+FEC55JX2u30NIhVeWj1xMpPlrJp5pbJdsSfg88SZkjKbou6Vvrq9SCQBhiQUGNNx7JjcFDRJoTArdhODMYghDLCT0xACNG46SZ/xo8QARTxGzaXiExF/b6QQGDMK/HwyALozs95Y/M/rJNS/cFMZxglhKMaHSCqcHDJCy7wW5D2pkQjGyZHLkAvQQIRachAiF5O8p2LehzP7/TxpVivOWcW+OS3XLqfNFNgBO2THzGHnrMauWZ01mGAP7Ik9sxfr0Xq13qz3n9EFa7qzx/7A+vgGJNyZlA==</latexit>c2,1s

c2

<latexit sha1_base64="4n28D0bY1ovMXnw2MMK9K0n+UDQ=">AAACCHicbVDLTgJBEJzFF+ILHzcvE4mJJ7JLMHokevGIiTwSQNI7NDhh9pGZXhPc7A/4FV715M149S88+C/uIgcF61Sp6k5Xlxsqaci2P63c0vLK6lp+vbCxubW9U9zda5og0gIbIlCBbrtgUEkfGyRJYTvUCJ6rsOWOLzO/dY/ayMC/oUmIPQ9GvhxKAZRK/eJBd6hBxKIfVxNzW0lSVkn6xZJdtqfgi8SZkRKbod4vfnUHgYg89EkoMKbj2CH1YtAkhcKk0I0MhiDGMMJOSn3w0PTiafqEH0cGKOAhai4Vn4r4eyMGz5iJ56aTHtCdmfcy8T+vE9HwvBdLP4wIfZEdIqlwesgILdNakA+kRiLIkiOXPheggQi15CBEKkZpT4W0D2f++0XSrJSd07J9XS3VLmbN5NkhO2InzGFnrMauWJ01mGAP7Ik9sxfr0Xq13qz3n9GcNdvZZ39gfXwDehWZyQ==</latexit>

c4s2

c2

<latexit sha1_base64="6APR1xWF6KuB6Hxfpd6x141OKJA="></latexit>

An(s, t) =
2

⇡

Z 1

s
ds0

ImA(s0, t)

(ŝ0 + t
2 )

2n+3

<latexit sha1_base64="XZ8YmGvqUr8oGQ7aZLdGFuLEqMk=">AAACFXicbVC5TsNAFFxzhnAFKGkWIiQKFNkIBA1SgIYySCRESoL1vHmBFWt72X1GiqzUfAJfQQsVHaKlpuBfsEMKrqlGM++cQCtpyXXfnbHxicmp6cJMcXZufmGxtLTcsHFiBNZFrGLTDMCikhHWSZLCpjYIYaDwPLg+zv3zWzRWxtEZ9TV2QriMZE8KoEzyS2vCT/XWzeCgrcGQBOXTxU07BLoSoNLDga/9UtmtuEPwv8QbkTIboeaXPtrdWCQhRiQUWNvyXE2dNB8vFA6K7cSiBnENl9jKaAQh2k46fGXANxILFHONhkvFhyJ+70ghtLYfBlllfqT97eXif14rod5+J5WRTggjkS8iqXC4yAojs4yQd6VBIsgvRy4jLsAAERrJQYhMTLLQilke3u/v/5LGdsXbrbinO+Xq0SiZAltl62yTeWyPVdkJq7E6E+yOPbBH9uTcO8/Oi/P6VTrmjHpW2A84b59E45+r</latexit>

cp,q = @q
tAp

<latexit sha1_base64="gSM8+CuUmLczB+guz7lOvy2Aa8k=">AAACDXicbVC7TsNAEDyHVwivABWiOREhUUU2AkEZQUMZJPKQkhCtL5twyvnB3Ropsiw+ga+ghYoO0fINFPwLtkkBgalGM7s7d+OGShqy7Q+rMDe/sLhUXC6trK6tb5Q3t5omiLTAhghUoNsuGFTSxwZJUtgONYLnKmy54/PMb92hNjLwr2gSYs+DkS+HUgClUr+8E3fzI7HGQdINQZME1afr26RfrthVOwf/S5wpqbAp6v3yZ3cQiMhDn4QCYzqOHVIvzk4KhUmpGxkMQYxhhJ2U+uCh6cV5esL3IwMU8BA1l4rnIv7ciMEzZuK56aQHdGNmvUz8z+tENDztxdIPI0JfZEEkFeZBRmiZdoN8IDUSQfZy5NLnAjQQoZYchEjFKC2rlPbhzP7+L2keVp3jqn15VKmdTZspsl22xw6Yw05YjV2wOmswwe7ZI3tiz9aD9WK9Wm/fowVrurPNfsF6/wK3wZy/</latexit>

@q
t

<latexit sha1_base64="6APR1xWF6KuB6Hxfpd6x141OKJA="></latexit>

An(s, t) =
2

⇡

Z 1

s
ds0

ImA(s0, t)

(ŝ0 + t
2 )

2n+3

<latexit sha1_base64="gSM8+CuUmLczB+guz7lOvy2Aa8k=">AAACDXicbVC7TsNAEDyHVwivABWiOREhUUU2AkEZQUMZJPKQkhCtL5twyvnB3Ropsiw+ga+ghYoO0fINFPwLtkkBgalGM7s7d+OGShqy7Q+rMDe/sLhUXC6trK6tb5Q3t5omiLTAhghUoNsuGFTSxwZJUtgONYLnKmy54/PMb92hNjLwr2gSYs+DkS+HUgClUr+8E3fzI7HGQdINQZME1afr26RfrthVOwf/S5wpqbAp6v3yZ3cQiMhDn4QCYzqOHVIvzk4KhUmpGxkMQYxhhJ2U+uCh6cV5esL3IwMU8BA1l4rnIv7ciMEzZuK56aQHdGNmvUz8z+tENDztxdIPI0JfZEEkFeZBRmiZdoN8IDUSQfZy5NLnAjQQoZYchEjFKC2rlPbhzP7+L2keVp3jqn15VKmdTZspsl22xw6Yw05YjV2wOmswwe7ZI3tiz9aD9WK9Wm/fowVrurPNfsF6/wK3wZy/</latexit>

@q
t

Arkani-Hamed,Huang2,2020


<latexit sha1_base64="PKC9OZ2jONr7yJSfiFSUH4TDUjk="></latexit>

@q
t ImA|t=0 =

1X

`=0

(`+ q)!

(`� q)!q!
Imf`(s)

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

⇠
Z 1

0
dµ(l)l2q

Moments in l
Bellazzini et al, to appear


(  )
<latexit sha1_base64="dvfPLobyBDTA23k7fC5dKSoGZY8=">AAAB+XicdVDLTgJBEJzFF+IL9ehlIjHxtJlFULgRvXjERB4JEDI7NDhhdnYz02tCNn6EVz15M179Gg/+i7uIiRqtU6WqO11dfqSkRcbenNzS8srqWn69sLG5tb1T3N1r2zA2AloiVKHp+tyCkhpaKFFBNzLAA19Bx59eZH7nFoyVob7GWQSDgE+0HEvBMZU6fanHOKPDYom59dpptXZCmeuV66ziZaRSPSsz6rlsjhJZoDksvvdHoYgD0CgUt7bnsQgHCTcohYK7Qj+2EHEx5RPopVTzAOwgmce9o0ex5RjSCAyVis5F+L6R8MDaWeCnkwHHG/vby8S/vF6M49ogkTqKEbTIDqFUMD9khZFpD0BH0gAiz5IDlZoKbjgiGEm5EKkYp8UU0j6+nqb/k3bZ9aouu6qUGueLZvLkgBySY+KRM9Igl6RJWkSQKbknD+TRSZwn59l5+RzNOYudffIDzusHRJ6UOg==</latexit>1
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3. Finite-t supersoftness and Galileons

At tree-level* x-ing symmetry implies
<latexit sha1_base64="FUApCiISIi9V/a8TT7CFPpBDmP0=">AAACG3icbVDJSgNBEO2JW4xb1KOXxiAmRMJMiOhFiHrxGMEskI2eTiU26VnorhFCyCf4CX6FVz15E68ePPgvdpaDJj5o+vFeFVX13FAKjbb9ZcWWlldW1+LriY3Nre2d5O5eRQeR4lDmgQxUzWUapPChjAIl1EIFzHMlVN3+9divPoDSIvDvcBBC02M9X3QFZ2ikdvL4Mq1PMHPR4J0AdbbXLqR1K59F86JWPmO+qdNOpuycPQFdJM6MpMgMpXbyu9EJeOSBj1wyreuOHWJzyBQKLmGUaEQaQsb7rAd1Q33mgW4OJweN6FGkGQY0BEWFpBMRfncMmaf1wHNNpcfwXs97Y/E/rx5h97w5FH4YIfh8PAiFhMkgzZUwSQHtCAWIbLw5UOFTzhRDBCUo49yIkYkuYfJw5q9fJJV8zjnN2beFVPFqlkycHJBDkiYOOSNFckNKpEw4eSTP5IW8Wk/Wm/VufUxLY9asZ5/8gfX5AwYSnyE=</latexit>

A(s, t) = · · ·+ g4(s
2 + t2 + u2)2 + · · ·

<latexit sha1_base64="qQuXl4ItFUoZCuAIfm1czNYV2S8=">AAAB/3icbVC7TsNAEDyHVwivACXNiQiJAkW2FQQNUgQNZZDIQ0os63zZhFPOD+7WSJGVgq+ghYoO0fIpFPwLtnEBCVONZna1s+NFUmg0zU+jtLS8srpWXq9sbG5t71R39zo6jBWHNg9lqHoe0yBFAG0UKKEXKWC+J6HrTa4yv/sASoswuMVpBI7PxoEYCc4wlRzuJvaJPbuwKXcbbrVm1s0cdJFYBamRAi23+jUYhjz2IUAumdZ9y4zQSZhCwSXMKoNYQ8T4hI2hn9KA+aCdJA89o0exZhjSCBQVkuYi/N5ImK/11PfSSZ/hnZ73MvE/rx/j6NxJRBDFCAHPDqGQkB/SXIm0DaBDoQCRZcmBioByphgiKEEZ56kYp/VU0j6s+e8XSceuW6d186ZRa14WzZTJATkkx8QiZ6RJrkmLtAkn9+SJPJMX49F4Nd6M95/RklHs7JM/MD6+AZEIlVQ=</latexit>

c2,2 = 2c4

}

Tolley,Wang,Zhou’20

Caron-Huot,vanDuong’20

<latexit sha1_base64="1XMnxXWdeICV/VOa7PR0BSpookg=">AAACFXicbVC7TsNAEDyHVwivACXNQYREAZEdQFCkQNBQgkQIUhJZ62MTTjk/dLdGQpZrPoGvoIWKDtFSU/Av2CYFEKYazexqd8aLlDRk2x9WaWJyanqmPFuZm19YXKour1yaMNYCWyJUob7ywKCSAbZIksKrSCP4nsK2NzzJ/fYtaiPD4ILuIuz5MAhkXwqgTHKr6zvdvgaR7KZJIxVuoyncpLHtpIY3+SHPBO5Wa3bdLsDHiTMiNTbCmVv97F6HIvYxIKHAmI5jR9RLQJMUCtNKNzYYgRjCADsZDcBH00uKKCnfjA1QyCPUXCpeiPhzIwHfmDvfyyZ9oBvz18vF/7xOTP3DXiKDKCYMRH6IpMLikBFaZh0hv5YaiSD/HLkMuAANRKglByEyMc5Kq2R9OH/Tj5PLRt3Zr9vne7Wj41EzZbbGNtgWc9gBO2Kn7Iy1mGD37JE9sWfrwXqxXq2379GSNdpZZb9gvX8Br42czA==</latexit>

�3

2
c2 < c2,1s < 8c2

* See loop effects later

Galileons tightly bounded!

At tree level:
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Beyond forward: 

<latexit sha1_base64="6APR1xWF6KuB6Hxfpd6x141OKJA="></latexit>

An(s, t) =
2

⇡

Z 1

s
ds0

ImA(s0, t)

(ŝ0 + t
2 )

2n+3

<latexit sha1_base64="XZ8YmGvqUr8oGQ7aZLdGFuLEqMk=">AAACFXicbVC5TsNAFFxzhnAFKGkWIiQKFNkIBA1SgIYySCRESoL1vHmBFWt72X1GiqzUfAJfQQsVHaKlpuBfsEMKrqlGM++cQCtpyXXfnbHxicmp6cJMcXZufmGxtLTcsHFiBNZFrGLTDMCikhHWSZLCpjYIYaDwPLg+zv3zWzRWxtEZ9TV2QriMZE8KoEzyS2vCT/XWzeCgrcGQBOXTxU07BLoSoNLDga/9UtmtuEPwv8QbkTIboeaXPtrdWCQhRiQUWNvyXE2dNB8vFA6K7cSiBnENl9jKaAQh2k46fGXANxILFHONhkvFhyJ+70ghtLYfBlllfqT97eXif14rod5+J5WRTggjkS8iqXC4yAojs4yQd6VBIsgvRy4jLsAAERrJQYhMTLLQilke3u/v/5LGdsXbrbinO+Xq0SiZAltl62yTeWyPVdkJq7E6E+yOPbBH9uTcO8/Oi/P6VTrmjHpW2A84b59E45+r</latexit>

cp,q = @q
tAp

<latexit sha1_base64="gSM8+CuUmLczB+guz7lOvy2Aa8k=">AAACDXicbVC7TsNAEDyHVwivABWiOREhUUU2AkEZQUMZJPKQkhCtL5twyvnB3Ropsiw+ga+ghYoO0fINFPwLtkkBgalGM7s7d+OGShqy7Q+rMDe/sLhUXC6trK6tb5Q3t5omiLTAhghUoNsuGFTSxwZJUtgONYLnKmy54/PMb92hNjLwr2gSYs+DkS+HUgClUr+8E3fzI7HGQdINQZME1afr26RfrthVOwf/S5wpqbAp6v3yZ3cQiMhDn4QCYzqOHVIvzk4KhUmpGxkMQYxhhJ2U+uCh6cV5esL3IwMU8BA1l4rnIv7ciMEzZuK56aQHdGNmvUz8z+tENDztxdIPI0JfZEEkFeZBRmiZdoN8IDUSQfZy5NLnAjQQoZYchEjFKC2rlPbhzP7+L2keVp3jqn15VKmdTZspsl22xw6Yw05YjV2wOmswwe7ZI3tiz9aD9WK9Wm/fowVrurPNfsF6/wK3wZy/</latexit>

@q
t

<latexit sha1_base64="6APR1xWF6KuB6Hxfpd6x141OKJA="></latexit>

An(s, t) =
2

⇡

Z 1

s
ds0

ImA(s0, t)

(ŝ0 + t
2 )

2n+3

<latexit sha1_base64="gSM8+CuUmLczB+guz7lOvy2Aa8k=">AAACDXicbVC7TsNAEDyHVwivABWiOREhUUU2AkEZQUMZJPKQkhCtL5twyvnB3Ropsiw+ga+ghYoO0fINFPwLtkkBgalGM7s7d+OGShqy7Q+rMDe/sLhUXC6trK6tb5Q3t5omiLTAhghUoNsuGFTSxwZJUtgONYLnKmy54/PMb92hNjLwr2gSYs+DkS+HUgClUr+8E3fzI7HGQdINQZME1afr26RfrthVOwf/S5wpqbAp6v3yZ3cQiMhDn4QCYzqOHVIvzk4KhUmpGxkMQYxhhJ2U+uCh6cV5esL3IwMU8BA1l4rnIv7ciMEzZuK56aQHdGNmvUz8z+tENDztxdIPI0JfZEEkFeZBRmiZdoN8IDUSQfZy5NLnAjQQoZYchEjFKC2rlPbhzP7+L2keVp3jqn15VKmdTZspsl22xw6Yw05YjV2wOmswwe7ZI3tiz9aD9WK9Wm/fowVrurPNfsF6/wK3wZy/</latexit>

@q
t

<latexit sha1_base64="z49qwoS2ye++5zG1xSYH/hcDTeQ="></latexit>

A2!2(s, t) = c0 + c2s
2 + c2,1s

2t+ c4s
4 + · · ·+ cn,msntm

<latexit sha1_base64="5DUnQzz5lNEnBaz/5r/vXSYQE24="></latexit>c2 c2,1 c2,2 · · ·
c4 c4,1 c4,2 · · ·
c6 c6,1 c6,2 · · ·
...

...
...

powers of t
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Martin’65

<latexit sha1_base64="yOfgaIOTQOpD4mdnTwdslCRM/rY="></latexit>

@q
t ImA|t=0 > 0

3. Finite-t

<latexit sha1_base64="49alkcTsgfYObYbc24VUMalwXSA=">AAACCnicbVDLTgJBEJzFF+ILNfHiZSIx8WDILmL0SPTiERN5JICkd2hwwuwjM70mZN0/8Cu86smb8epPePBfXJCDgnWqVHWnq8sNlTRk259WZmFxaXklu5pbW9/Y3Mpv79RNEGmBNRGoQDddMKikjzWSpLAZagTPVdhwh5djv3GP2sjAv6FRiB0PBr7sSwGUSt38XruvQcSiG5ePncTcniQpLyXdfMEu2hPweeJMSYFNUe3mv9q9QEQe+iQUGNNy7JA6MWiSQmGSa0cGQxBDGGArpT54aDrxJH/CDyMDFPAQNZeKT0T8vRGDZ8zIc9NJD+jOzHpj8T+vFVH/vBNLP4wIfTE+RFLh5JARWqbFIO9JjUQwTo5c+lyABiLUkoMQqRilTeXSPpzZ7+dJvVR0Tov2dblQuZg2k2X77IAdMYedsQq7YlVWY4I9sCf2zF6sR+vVerPef0Yz1nRnl/2B9fENYqyaOw==</latexit>

c4,1s3

c2

<latexit sha1_base64="zecc7GEg8DAotX1MvnX7jsd9Dsk=">AAACCHicbVC7TsNAEDzzDOEVHh3NiQiJAkV2BIIygoYySOQhJZa1vmzCKeeH7tZIwfIP8BW0UNEhWv6Cgn/BCSkgYarRzK52dvxYSUO2/WktLC4tr6wW1orrG5tb26Wd3aaJEi2wISIV6bYPBpUMsUGSFLZjjRD4Clv+8Grst+5RGxmFtzSK0Q1gEMq+FEC55JX2u30NIhVeWj1xMpPlrJp5pbJdsSfg88SZkjKbou6Vvrq9SCQBhiQUGNNx7JjcFDRJoTArdhODMYghDLCT0xACNG46SZ/xo8QARTxGzaXiExF/b6QQGDMK/HwyALozs95Y/M/rJNS/cFMZxglhKMaHSCqcHDJCy7wW5D2pkQjGyZHLkAvQQIRachAiF5O8p2LehzP7/TxpVivOWcW+OS3XLqfNFNgBO2THzGHnrMauWZ01mGAP7Ik9sxfr0Xq13qz3n9EFa7qzx/7A+vgGJNyZlA==</latexit>c2,1s

c2

<latexit sha1_base64="4n28D0bY1ovMXnw2MMK9K0n+UDQ=">AAACCHicbVDLTgJBEJzFF+ILHzcvE4mJJ7JLMHokevGIiTwSQNI7NDhh9pGZXhPc7A/4FV715M149S88+C/uIgcF61Sp6k5Xlxsqaci2P63c0vLK6lp+vbCxubW9U9zda5og0gIbIlCBbrtgUEkfGyRJYTvUCJ6rsOWOLzO/dY/ayMC/oUmIPQ9GvhxKAZRK/eJBd6hBxKIfVxNzW0lSVkn6xZJdtqfgi8SZkRKbod4vfnUHgYg89EkoMKbj2CH1YtAkhcKk0I0MhiDGMMJOSn3w0PTiafqEH0cGKOAhai4Vn4r4eyMGz5iJ56aTHtCdmfcy8T+vE9HwvBdLP4wIfZEdIqlwesgILdNakA+kRiLIkiOXPheggQi15CBEKkZpT4W0D2f++0XSrJSd07J9XS3VLmbN5NkhO2InzGFnrMauWJ01mGAP7Ik9sxfr0Xq13qz3n9GcNdvZZ39gfXwDehWZyQ==</latexit>

c4s2

c2

Negative, but limited 
by other moments

<latexit sha1_base64="49alkcTsgfYObYbc24VUMalwXSA=">AAACCnicbVDLTgJBEJzFF+ILNfHiZSIx8WDILmL0SPTiERN5JICkd2hwwuwjM70mZN0/8Cu86smb8epPePBfXJCDgnWqVHWnq8sNlTRk259WZmFxaXklu5pbW9/Y3Mpv79RNEGmBNRGoQDddMKikjzWSpLAZagTPVdhwh5djv3GP2sjAv6FRiB0PBr7sSwGUSt38XruvQcSiG5ePncTcniQpLyXdfMEu2hPweeJMSYFNUe3mv9q9QEQe+iQUGNNy7JA6MWiSQmGSa0cGQxBDGGArpT54aDrxJH/CDyMDFPAQNZeKT0T8vRGDZ8zIc9NJD+jOzHpj8T+vFVH/vBNLP4wIfTE+RFLh5JARWqbFIO9JjUQwTo5c+lyABiLUkoMQqRilTeXSPpzZ7+dJvVR0Tov2dblQuZg2k2X77IAdMYedsQq7YlVWY4I9sCf2zF6sR+vVerPef0Yz1nRnl/2B9fENYqyaOw==</latexit>

c4,1s3

c2

<latexit sha1_base64="zecc7GEg8DAotX1MvnX7jsd9Dsk=">AAACCHicbVC7TsNAEDzzDOEVHh3NiQiJAkV2BIIygoYySOQhJZa1vmzCKeeH7tZIwfIP8BW0UNEhWv6Cgn/BCSkgYarRzK52dvxYSUO2/WktLC4tr6wW1orrG5tb26Wd3aaJEi2wISIV6bYPBpUMsUGSFLZjjRD4Clv+8Grst+5RGxmFtzSK0Q1gEMq+FEC55JX2u30NIhVeWj1xMpPlrJp5pbJdsSfg88SZkjKbou6Vvrq9SCQBhiQUGNNx7JjcFDRJoTArdhODMYghDLCT0xACNG46SZ/xo8QARTxGzaXiExF/b6QQGDMK/HwyALozs95Y/M/rJNS/cFMZxglhKMaHSCqcHDJCy7wW5D2pkQjGyZHLkAvQQIRachAiF5O8p2LehzP7/TxpVivOWcW+OS3XLqfNFNgBO2THzGHnrMauWZ01mGAP7Ik9sxfr0Xq13qz3n9EFa7qzx/7A+vgGJNyZlA==</latexit>c2,1s

c2

<latexit sha1_base64="4n28D0bY1ovMXnw2MMK9K0n+UDQ=">AAACCHicbVDLTgJBEJzFF+ILHzcvE4mJJ7JLMHokevGIiTwSQNI7NDhh9pGZXhPc7A/4FV715M149S88+C/uIgcF61Sp6k5Xlxsqaci2P63c0vLK6lp+vbCxubW9U9zda5og0gIbIlCBbrtgUEkfGyRJYTvUCJ6rsOWOLzO/dY/ayMC/oUmIPQ9GvhxKAZRK/eJBd6hBxKIfVxNzW0lSVkn6xZJdtqfgi8SZkRKbod4vfnUHgYg89EkoMKbj2CH1YtAkhcKk0I0MhiDGMMJOSn3w0PTiafqEH0cGKOAhai4Vn4r4eyMGz5iJ56aTHtCdmfcy8T+vE9HwvBdLP4wIfZEdIqlwesgILdNakA+kRiLIkiOXPheggQi15CBEKkZpT4W0D2f++0XSrJSd07J9XS3VLmbN5NkhO2InzGFnrMauWJ01mGAP7Ik9sxfr0Xq13qz3n9GcNdvZZ39gfXwDehWZyQ==</latexit>

c4s2

c2

Bellazzini,Elias-Miro,

Rattazzi,Riembau,FR’20


At tree level:

Arkani-Hamed,Huang2,2020

deRham,Melville,Tolley,Zhou’17


Tolley,Wang,Zhou’20

Caron-Huot,vanDuong’20  
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