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• Inflation offers a unique opportunity to learn about fundamental physics 
by looking at the sky! 
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Large Scale Structures
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• Cosmology gives us the unique opportunity to learn about fundamental physics 
by gazing at sky. 

Quasi-de Sitter
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• New physics in flat space
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• The inflationary cosmological correlators also carry information about 
interactions that are important at the Hubble scale 
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• The inflationary cosmological correlators also carry information about 
interactions that are important at the Hubble scale 
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Figure 5: The dimensionless shape functions S(k1, k2, k3) normalised to unity in the equilateral

configuration k1 = k2 = k3 at weak mixing in blue for ↵ = 0.1 and at strong mixing in red for

↵e↵ = 0.1. The di↵erent panels represent the shapes generated by the interactions (@i⇡c)2�, ⇡̇2
c�,

⇡̇c�2 and �3. The shapes in the strong mixing regime have been computed with the cosmological

flow approach described in Sec. 4.2 for cs = 0.05, m/H = 0.1, ⇢/H = 2. We have represented in

transparent gray the standard equilateral shape for comparison.

interaction only consists of the propagator associated with the field of mass m1 and the

shape displays a resonance around k3/k1 ⇠ csm1/H. Similarly, if only one field is heavier

than 1/cs, the resonance would be sensitive to the lightest field. In essence, the low-speed

collider resonance is a natural discovery channel to detect heavy fields with masses not far

from the Hubble scale when the Goldstone boson has a reduced speed of sound, in analogy

with resonance peaks in ground-based colliders proving the existence of new particles.

At strong mixing, in the “e↵ective mass regime” depicted in Fig. 4, the low-speed col-

lider physics leads to a similar phenomenology of shapes, though the resonances are more

pronounced. We have understood that this regime can be qualitatively described by the

weak mixing shapes after replacing ↵ by ↵e↵. Here, the exact computation using the cos-

mological flow approach gives a quantitative measure of the quality of this approximation.

38

Shape of Non-Gaussianity

<latexit sha1_base64="yN3ZTl6Ifh3lyNDxGvC5MgNU+bQ="></latexit>

ds
2 =

1

⌘2H2
I

(�d⌘
2 + dx2)
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<latexit sha1_base64="O4RE+rH749ZSEpIQX09hFqHt+pU=">AAAB+XicbVDLSsNAFL2pr1pfUZdugkVwVRKR6rLoxmUF+4A2hMlk0g6dzISZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cMGVUadf9tiobm1vbO9Xd2t7+weGRfXzSVSKTmHSwYEL2Q6QIo5x0NNWM9FNJUBIy0gsn94XfmxKpqOBPepYSP0EjTmOKkTZSYNvDULBIzRJz5ZN54AV23W24CzjrxCtJHUq0A/trGAmcJYRrzJBSA89NtZ8jqSlmZF4bZoqkCE/QiAwM5Sghys8XyefOhVEiJxbSHK6dhfp7I0eJKsKZyQTpsVr1CvE/b5Dp+NbPKU8zTThePhRnzNHCKWpwIioJ1mxmCMKSmqwOHiOJsDZl1UwJ3uqX10n3quE1G83H63rrrqyjCmdwDpfgwQ204AHa0AEMU3iGV3izcuvFerc+lqMVq9w5hT+wPn8A64mT3A==</latexit>

k1
<latexit sha1_base64="rK59b2mbADvZPcc3tzidbeBHaEY=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBFclaRIdVl047KCfUAbwmQyaYdOJmFmUiihf+LGhSJu/RN3/o2TNgttPTDM4Zx7mTMnSDlT2nG+rY3Nre2d3cpedf/g8OjYPjntqiSThHZIwhPZD7CinAna0Uxz2k8lxXHAaS+Y3Bd+b0qlYol40rOUejEeCRYxgrWRfNseBgkP1Sw2Vz6Z+w3frjl1ZwG0TtyS1KBE27e/hmFCspgKTThWauA6qfZyLDUjnM6rw0zRFJMJHtGBoQLHVHn5IvkcXRolRFEizREaLdTfGzmOVRHOTMZYj9WqV4j/eYNMR7dezkSaaSrI8qEo40gnqKgBhUxSovnMEEwkM1kRGWOJiTZlVU0J7uqX10m3UXeb9ebjda11V9ZRgXO4gCtw4QZa8ABt6ACBKTzDK7xZufVivVsfy9ENq9w5gz+wPn8A7Q2T3Q==</latexit>

k2
<latexit sha1_base64="SDnhGSVtdDvnbfbdQod9xFD1FFI=">AAAB+XicbVBPS8MwHP11/pvzX9Wjl+AQPI1WZXocevE4wbnBVkqapltYmpYkHYyyb+LFgyJe/Sbe/DamWw+6+SDk8d7vR15ekHKmtON8W5W19Y3Nrep2bWd3b//APjx6UkkmCe2QhCeyF2BFORO0o5nmtJdKiuOA024wviv87oRKxRLxqKcp9WI8FCxiBGsj+bY9CBIeqmlsrnw88y99u+40nDnQKnFLUocSbd/+GoQJyWIqNOFYqb7rpNrLsdSMcDqrDTJFU0zGeEj7hgocU+Xl8+QzdGaUEEWJNEdoNFd/b+Q4VkU4MxljPVLLXiH+5/UzHd14ORNppqkgi4eijCOdoKIGFDJJieZTQzCRzGRFZIQlJtqUVTMluMtfXiVPFw232Wg+XNVbt2UdVTiBUzgHF66hBffQhg4QmMAzvMKblVsv1rv1sRitWOXOMfyB9fkD7pGT3g==</latexit>

k3
<latexit sha1_base64="j2yTyt+5JBRO5ojbMCyQsFGQizg=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi1WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrnwy9699u+40nAXQOnFLUocSbd/+GoYJyWIqNOFYqYHrpNrLsdSMcDqvDTNFU0wmeEQHhgocU+Xli+RzdGGUEEWJNEdotFB/b+Q4VkU4MxljPVarXiH+5w0yHd16ORNppqkgy4eijCOdoKIGFDJJieYzQzCRzGRFZIwlJtqUVTMluKtfXifdq4bbbDQfr+utu7KOKpzBOVyCCzfQggdoQwcITOEZXuHNyq0X6936WI5WrHLnFP7A+vwB8BWT3w==</latexit>

k4
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<latexit sha1_base64="+rS88tJQnTbT+BGWCXBPjQfdNes=">AAACB3icbVDLSsNAFJ3UV62vqEtBgkWoICURqW6EohuXFewDmhgmk2k7ZDITZiZCCd258VfcuFDErb/gzr9x0mah1QPDHM65l3vvCRJKpLLtL6O0sLi0vFJeraytb2xumds7HclTgXAbccpFL4ASU8JwWxFFcS8RGMYBxd0gusr97j0WknB2q8YJ9mI4ZGRAEFRa8s39yId3bpxe1DQ5dgNOQzmO9ZdFEx8e+WbVrttTWH+JU5AqKNDyzU835CiNMVOIQin7jp0oL4NCEUTxpOKmEicQRXCI+5oyGGPpZdM7JtahVkJrwIV+TFlT9WdHBmOZb6crY6hGct7Lxf+8fqoG515GWJIqzNBs0CClluJWHooVEoGRomNNIBJE72qhERQQKR1dRYfgzJ/8l3RO6k6j3rg5rTYvizjKYA8cgBpwwBlogmvQAm2AwAN4Ai/g1Xg0no03431WWjKKnl3wC8bHN8J3mUQ=</latexit>

kµa = (ka,ka)

<latexit sha1_base64="StO+FgqhLYHvGszDKl0CTUYIxlk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0sWy2m3bJ7ibsboQS+iO8eFDEq7/Hm//GbZqDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024Q3c797hNVmsXywUwT6gs8lixkBBsrdaOh9zgQ6bBac+tuDrRKvILUoEBrWP0ajGKSCioN4Vjrvucmxs+wMoxwOqsMUk0TTCI8pn1LJRZU+1l+7gydWWWEwljZkgbl6u+JDAutpyKwnQKbiV725uJ/Xj814bWfMZmkhkqyWBSmHJkYzX9HI6YoMXxqCSaK2VsRmWCFibEJVWwI3vLLq6RzUfca9cb9Za15U8RRhhM4hXPw4AqacActaAOBCJ7hFd6cxHlx3p2PRWvJKWaO4Q+czx8F6I9i</latexit>

kµ1

<latexit sha1_base64="rKAlyF1+aySzUJx4x1fTkJnqLuA=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kt0nosevFYwX5Au5Zsmm3DJtklyQpl6Y/w4kERr/4eb/4b03YP2vpg4PHeDDPzgoQzbVz32ylsbG5t7xR3S3v7B4dH5eOTjo5TRWibxDxWvQBrypmkbcMMp71EUSwCTrtBdDv3u09UaRbLBzNNqC/wWLKQEWys1I2GtceBSIflilt1F0DrxMtJBXK0huWvwSgmqaDSEI617ntuYvwMK8MIp7PSINU0wSTCY9q3VGJBtZ8tzp2hC6uMUBgrW9Kghfp7IsNC66kIbKfAZqJXvbn4n9dPTXjtZ0wmqaGSLBeFKUcmRvPf0YgpSgyfWoKJYvZWRCZYYWJsQiUbgrf68jrp1KpevVq/v6o0b/I4inAG53AJHjSgCXfQgjYQiOAZXuHNSZwX5935WLYWnHzmFP7A+fwBB3CPYw==</latexit>

kµ2

<latexit sha1_base64="L2vGj1Y/13QGJysa5rSnSUnmnog=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9nVUj0WvXisYD+gXUs2zbZhk+ySZIWy9Ed48aCIV3+PN/+NabsHbX0w8Hhvhpl5QcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8epIrRFYh6rboA15UzSlmGG026iKBYBp50gup35nSeqNIvlg5kk1Bd4JFnICDZW6kSDy8e+SAflilt150CrxMtJBXI0B+Wv/jAmqaDSEI617nluYvwMK8MIp9NSP9U0wSTCI9qzVGJBtZ/Nz52iM6sMURgrW9Kgufp7IsNC64kIbKfAZqyXvZn4n9dLTXjtZ0wmqaGSLBaFKUcmRrPf0ZApSgyfWIKJYvZWRMZYYWJsQiUbgrf88ippX1S9erV+X6s0bvI4inACp3AOHlxBA+6gCS0gEMEzvMKbkzgvzrvzsWgtOPnMMfyB8/kDCPiPZA==</latexit>

kµ3

<latexit sha1_base64="K3k3Fh1dnUvZe3jmgMdWKblXtUI=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9mV0nosevFYwX5Au5Zsmm3DJtklyQpl6Y/w4kERr/4eb/4b03YP2vpg4PHeDDPzgoQzbVz32ylsbG5t7xR3S3v7B4dH5eOTjo5TRWibxDxWvQBrypmkbcMMp71EUSwCTrtBdDv3u09UaRbLBzNNqC/wWLKQEWys1I2GtceBSIflilt1F0DrxMtJBXK0huWvwSgmqaDSEI617ntuYvwMK8MIp7PSINU0wSTCY9q3VGJBtZ8tzp2hC6uMUBgrW9Kghfp7IsNC66kIbKfAZqJXvbn4n9dPTXjtZ0wmqaGSLBeFKUcmRvPf0YgpSgyfWoKJYvZWRCZYYWJsQiUbgrf68jrpXFW9erV+X6s0b/I4inAG53AJHjSgCXfQgjYQiOAZXuHNSZwX5935WLYWnHzmFP7A+fwBCoCPZQ==</latexit>

kµ4

<latexit sha1_base64="XtGaDlgKkz0OrbVGRYqDOXRB3Bs=">AAACWHiclVHLagIxFM1MtT76snbZTagUdCMzIrZLsZsuLdQHOMOQiVGDmWRIMgUZ/MlCF+2vdNM4umjVTQ+EHM69l3NzEsaMKu04n5Z9ksufFoql8tn5xeVV5bo6VCKRmAywYEKOQ6QIo5wMNNWMjGNJUBQyMgqXT5v66I1IRQV/1auY+BGaczqjGGkjBRXh9ejcY4jPGYFevKB1LxRsqlaRudLlOnAbx9TWP9R2I/OQmUdQqTlNJwM8JO6O1MAO/aDy7k0FTiLCNWZIqYnrxNpPkdQUM7Iue4kiMcJLNCcTQzmKiPLTLJg1vDfKFM6ENIdrmKm/J1IUqc2ipjNCeqH2axvxWG2S6Nmjn1IeJ5pwvDWaJQxqATcpwymVBGu2MgRhSc2uEC+QRFibvyibENz9Jx+SYavpdpqdl3at29vFUQS34A7UgQseQBc8gz4YAAw+wLeVs/LWlw3sgl3attrWbuYG/IFd/QF4G7WH</latexit>D
�(k1)�(k2)�(k2)�(k4)

E

<latexit sha1_base64="HGIrB6/OFcHrEW96qKL/t7r/p5Y=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5id9CZDZmeHmVkhhHyEFw+KePV7vPk3TpI9aLSgoajqprsrUoIb6/tfXmFtfWNzq7hd2tnd2z8oHx61TJpphk2WilR3ImpQcIlNy63AjtJIk0hgOxrfzv32I2rDU/lgJwrDhA4ljzmj1kntnsmUQdsvV/yqvwD5S4KcVCBHo1/+7A1SliUoLRPUmG7gKxtOqbacCZyVeplBRdmYDrHrqKQJmnC6OHdGzpwyIHGqXUlLFurPiSlNjJkkketMqB2ZVW8u/ud1Mxtfh1MuVWZRsuWiOBPEpmT+OxlwjcyKiSOUae5uJWxENWXWJVRyIQSrL/8lrYtqUKvW7i8r9Zs8jiKcwCmcQwBXUIc7aEATGIzhCV7g1VPes/fmvS9bC14+cwy/4H18A6aCj8s=</latexit>�
<latexit sha1_base64="ILIr0NDw1uSAQ5T8A/mBAu4LSyA=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VoQUpSS3VZdeOygn1AE8NkOmmHTB7MTIQS+g1u/BU3LhRx68qdf+OkzUJbLwzncM693LnHjRkV0jC+tcLK6tr6RnGztLW9s7un7x90RZRwTDo4YhHvu0gQRkPSkVQy0o85QYHLSM/1rzO/90C4oFF4JycxsQM0CqlHMZJKcvRqamHE4OW04jvmvRUkp75Tz/Esx0aGVUcvGzVjVnCZmDkpg7zajv5lDSOcBCSUmCEhBqYRSztFXFLMyLRkJYLECPtoRAaKhiggwk5nJ03hiVKG0Iu4eqGEM/X3RIoCISaBqzoDJMdi0cvE/7xBIr0LO6VhnEgS4vkiL2FQRjDLBw4pJ1iyiSIIc6r+CvEYcYSlSrGkQjAXT14m3XrNbNaat41y6yqPowiOwDGoABOcgxa4AW3QARg8gmfwCt60J+1Fe9c+5q0FLZ85BH9K+/wB+H6cbA==</latexit>

A(kµ1 , k
µ
2 , k

µ
3 , k

µ
4 )

<latexit sha1_base64="LCi0GxmGE6ILaNcObNsQ2Sb4I5M=">AAACCHicbVDLSsNAFJ3UV62vqEsXBovgQkoiUt0IRTcuK9gHNCHcTCbt0MmDmYlQQpdu/BU3LhRx6ye482+cpFlo64FhzpxzL3Pv8RJGhTTNb62ytLyyulZdr21sbm3v6Lt7XRGnHJMOjlnM+x4IwmhEOpJKRvoJJxB6jPS88U3u9x4IFzSO7uUkIU4Iw4gGFINUkqsf2l7MfDEJ1ZWNpy5cjV2wT+0RyOLp6nWzYRYwFolVkjoq0Xb1L9uPcRqSSGIGQgwsM5FOBlxSzMi0ZqeCJIDHMCQDRSMIiXCyYpGpcawU3whirk4kjUL93ZFBKPJZVWUIciTmvVz8zxukMrh0MholqSQRnn0UpMyQsZGnYviUEyzZRBHAnKpZDTwCDliq7GoqBGt+5UXSPWtYzUbz7rzeui7jqKIDdIROkIUuUAvdojbqIIwe0TN6RW/ak/aivWsfs9KKVvbsoz/QPn8AhWiaTg==</latexit>

ka = ka k̂a

• Scattering amplitudes are encoded in the total energy singularity of de 
Sitter Witten graphs  



<latexit sha1_base64="XtGaDlgKkz0OrbVGRYqDOXRB3Bs=">AAACWHiclVHLagIxFM1MtT76snbZTagUdCMzIrZLsZsuLdQHOMOQiVGDmWRIMgUZ/MlCF+2vdNM4umjVTQ+EHM69l3NzEsaMKu04n5Z9ksufFoql8tn5xeVV5bo6VCKRmAywYEKOQ6QIo5wMNNWMjGNJUBQyMgqXT5v66I1IRQV/1auY+BGaczqjGGkjBRXh9ejcY4jPGYFevKB1LxRsqlaRudLlOnAbx9TWP9R2I/OQmUdQqTlNJwM8JO6O1MAO/aDy7k0FTiLCNWZIqYnrxNpPkdQUM7Iue4kiMcJLNCcTQzmKiPLTLJg1vDfKFM6ENIdrmKm/J1IUqc2ipjNCeqH2axvxWG2S6Nmjn1IeJ5pwvDWaJQxqATcpwymVBGu2MgRhSc2uEC+QRFibvyibENz9Jx+SYavpdpqdl3at29vFUQS34A7UgQseQBc8gz4YAAw+wLeVs/LWlw3sgl3attrWbuYG/IFd/QF4G7WH</latexit>D
�(k1)�(k2)�(k2)�(k4)

E
<latexit sha1_base64="ILIr0NDw1uSAQ5T8A/mBAu4LSyA=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VoQUpSS3VZdeOygn1AE8NkOmmHTB7MTIQS+g1u/BU3LhRx68qdf+OkzUJbLwzncM693LnHjRkV0jC+tcLK6tr6RnGztLW9s7un7x90RZRwTDo4YhHvu0gQRkPSkVQy0o85QYHLSM/1rzO/90C4oFF4JycxsQM0CqlHMZJKcvRqamHE4OW04jvmvRUkp75Tz/Esx0aGVUcvGzVjVnCZmDkpg7zajv5lDSOcBCSUmCEhBqYRSztFXFLMyLRkJYLECPtoRAaKhiggwk5nJ03hiVKG0Iu4eqGEM/X3RIoCISaBqzoDJMdi0cvE/7xBIr0LO6VhnEgS4vkiL2FQRjDLBw4pJ1iyiSIIc6r+CvEYcYSlSrGkQjAXT14m3XrNbNaat41y6yqPowiOwDGoABOcgxa4AW3QARg8gmfwCt60J+1Fe9c+5q0FLZ85BH9K+/wB+H6cbA==</latexit>

A(kµ1 , k
µ
2 , k

µ
3 , k

µ
4 )

<latexit sha1_base64="SdhTNpI//+qBYGm47zNnmLpJeiY=">AAACCHicbVC7TsMwFHXKq5RXgJGBiAqJqUoQKowVLIxF6ktqQuQ4TmvVsS3bQaqijCz8CgsDCLHyCWz8De5jgJYjWTo6515dnxMJSpR23W+rtLK6tr5R3qxsbe/s7tn7Bx3FM4lwG3HKZS+CClPCcFsTTXFPSAzTiOJuNLqZ+N0HLBXhrKXHAgcpHDCSEAS1kUL72BeSC80dP04kRLlX5KOwdZ/7MaYaFkVoV92aO4WzTLw5qYI5mqH95cccZSlmGlGoVN9zhQ5yKDVBFBcVP1NYQDSCA9w3lMEUqyCfBimcU6PETsKleUw7U/X3Rg5TpcZpZCZTqIdq0ZuI/3n9TCdXQU6YyDRmaHYoyahjgk9acWIiMdJ0bAhEkpi/OmgITSHadFcxJXiLkZdJ57zm1Wv1u4tq43peRxkcgRNwBjxwCRrgFjRBGyDwCJ7BK3iznqwX6936mI2WrPnOIfgD6/MHoU2aYw==</latexit>

/ 1

k�T

High-Energy Limit of 
the Amplitude (i.e. zero mass)

• Scattering amplitudes are encoded in the total energy singularity of de 
Sitter Witten graphs  

<latexit sha1_base64="gmQMdlJXkut5eSLpy0W/4FFbceg=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQEUsipbopFHXhsoJNC00Mk8m0HTp5MDMRSujejb/ixoUibv0Bd/6NkzYLrR64cDjnXu69x4sZFdIwvrTC0vLK6lpxvbSxubW9o+/uWSJKOCYdHLGI9zwkCKMh6UgqGenFnKDAY6TrjS8zv3tPuKBReCsnMXECNAzpgGIkleTqZdsnTKKmeWyLJHBT2jSndxas2leZ7Fon9SNXrxg1Ywb4l5g5qYAcbVf/tP0IJwEJJWZIiL5pxNJJEZcUMzIt2YkgMcJjNCR9RUMUEOGks1+m8FApPhxEXFUo4Uz9OZGiQIhJ4KnOAMmRWPQy8T+vn8jBuZPSME4kCfF80SBhUEYwCwb6lBMs2UQRhDlVt0I8QhxhqeIrqRDMxZf/Euu0ZjZqjZt6pXWRx1EEB6AMqsAEZ6AFrkEbdAAGD+AJvIBX7VF71t6093lrQctn9sEvaB/fdi+ZaQ==</latexit>

� = 1 +
VX

i=1

(�V � 4)

The Degree of Divergence 
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<latexit sha1_base64="O4RE+rH749ZSEpIQX09hFqHt+pU=">AAAB+XicbVDLSsNAFL2pr1pfUZdugkVwVRKR6rLoxmUF+4A2hMlk0g6dzISZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cMGVUadf9tiobm1vbO9Xd2t7+weGRfXzSVSKTmHSwYEL2Q6QIo5x0NNWM9FNJUBIy0gsn94XfmxKpqOBPepYSP0EjTmOKkTZSYNvDULBIzRJz5ZN54AV23W24CzjrxCtJHUq0A/trGAmcJYRrzJBSA89NtZ8jqSlmZF4bZoqkCE/QiAwM5Sghys8XyefOhVEiJxbSHK6dhfp7I0eJKsKZyQTpsVr1CvE/b5Dp+NbPKU8zTThePhRnzNHCKWpwIioJ1mxmCMKSmqwOHiOJsDZl1UwJ3uqX10n3quE1G83H63rrrqyjCmdwDpfgwQ204AHa0AEMU3iGV3izcuvFerc+lqMVq9w5hT+wPn8A64mT3A==</latexit>

k1
<latexit sha1_base64="rK59b2mbADvZPcc3tzidbeBHaEY=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBFclaRIdVl047KCfUAbwmQyaYdOJmFmUiihf+LGhSJu/RN3/o2TNgttPTDM4Zx7mTMnSDlT2nG+rY3Nre2d3cpedf/g8OjYPjntqiSThHZIwhPZD7CinAna0Uxz2k8lxXHAaS+Y3Bd+b0qlYol40rOUejEeCRYxgrWRfNseBgkP1Sw2Vz6Z+w3frjl1ZwG0TtyS1KBE27e/hmFCspgKTThWauA6qfZyLDUjnM6rw0zRFJMJHtGBoQLHVHn5IvkcXRolRFEizREaLdTfGzmOVRHOTMZYj9WqV4j/eYNMR7dezkSaaSrI8qEo40gnqKgBhUxSovnMEEwkM1kRGWOJiTZlVU0J7uqX10m3UXeb9ebjda11V9ZRgXO4gCtw4QZa8ABt6ACBKTzDK7xZufVivVsfy9ENq9w5gz+wPn8A7Q2T3Q==</latexit>

k2
<latexit sha1_base64="SDnhGSVtdDvnbfbdQod9xFD1FFI=">AAAB+XicbVBPS8MwHP11/pvzX9Wjl+AQPI1WZXocevE4wbnBVkqapltYmpYkHYyyb+LFgyJe/Sbe/DamWw+6+SDk8d7vR15ekHKmtON8W5W19Y3Nrep2bWd3b//APjx6UkkmCe2QhCeyF2BFORO0o5nmtJdKiuOA024wviv87oRKxRLxqKcp9WI8FCxiBGsj+bY9CBIeqmlsrnw88y99u+40nDnQKnFLUocSbd/+GoQJyWIqNOFYqb7rpNrLsdSMcDqrDTJFU0zGeEj7hgocU+Xl8+QzdGaUEEWJNEdoNFd/b+Q4VkU4MxljPVLLXiH+5/UzHd14ORNppqkgi4eijCOdoKIGFDJJieZTQzCRzGRFZIQlJtqUVTMluMtfXiVPFw232Wg+XNVbt2UdVTiBUzgHF66hBffQhg4QmMAzvMKblVsv1rv1sRitWOXOMfyB9fkD7pGT3g==</latexit>
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+ (t� u) channels .
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Figure 5: The four-point exchange diagram of ' mediated by a massive scalar.

Above, di↵erent components of the s�channel diagram are written in terms of four “energy”

variables {k1, k2, k3, k4, s ⌘ |k1 + k2|}.

It is noteworthy that, for physical values of energies (namely {ka, s} ⇢ R+), F�� and F+� are

given by the complex conjugates of F++ and F�+. Moreover, dilatation symmetry implies that

the correlator of ' scale as

h'(�k1) . . . '(�kn)i0 =
1

�2n�3
h'(k1) . . . '(kn)i0

. (3.19)

As a result, F±± and F±⌥ can be expressed as

F±±(ka; s) =
1

s
F̂±±(u, v) , F⌥±(ka; s) =

1

s
F̂±⌥(u, v) , (3.20)

from which it follows that

F =
1

s
F̂ (u, v) , F̂ = F̂++ + F̂�� + F̂+� + F̂�+ . (3.21)

where we have defined the energy ratios

u ⌘
s

k1 + k2
, v ⌘

s

k3 + k4
. (3.22)

For physical configurations, the triangle inequality implies that

0  u  1 , 0  v  1 , physical configurations. (3.23)

However, relating our diagrams to F will incorporate the analytic continuation of F as a function

of ka(a = 1, . . . , 4) and s (or equivalently F̂ as a function of u and v) in a domain that should at

least cover all the real and positive values of u and v (especially the region defined by u > 1 and

v > 1).

The single-exchange diagrams of ⇡ can be related to the soft limit of the quantity F defined above

by means of appropriate weight-shifting operators. Using the relationships (3.14) and (3.11) we

infer that

• using (3.14) inside the in-in expressions of all diagrams, the quadratic vertex

⌘
�3

@⌘⇡
±
c (k, ⌘)�±(k, ⌘)

19

• Is there a direct relation between correlators and massive amplitudes? 



• Is there a direct relation between correlators and massive amplitudes? 

off-shell
off-shell graphs in flat space
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• Definition: The massive flat-space limit (MFS) of an off-shell Witten 
graph with heavy internal lines is
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• Definition: The massive flat-space limit (MFS) of an off-shell Witten 
graph with heavy internal lines is
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• Motivation: Correlators of the scalar fluctuations during inflation
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• Theorem: The MFS limit of a Witten graph is entirely fixed by the 
same graph in flat space with amputated external legs.  
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maybe change notation for O Above we have defined
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ki

a
) with a = �

1

⌘H
(i = 1, . . . n) , (2.22)

which are n time-dependent four-momenta associated to the external lines of the amputated massive
graph in flat space, and finally Gn(pµ

i
; m) is the corresponding flat space Green function, with the factor

of �4(
P

pµ

i
) stripped o↵. The rules for computing Gn are as follows: (a) Conserve four-momentum at each

vertex. Notice that the total four-momentum of the graph is zero because
P

pµ = (0,
P

ki) = 0. (b) Assign

a Feynman propagator 1
p2+m2+i✏

to each internal line. (c) Insert a factor of
R

d
4
qL

(2⇡)4 for each loop, where
qµ

L
is the loop four-momentum. (d) At each vertex, neglect derivatives that act on the external legs (i.e.

the light fields). Such derivatives will instead act on the bulk-to-boundary correlators K+, as indicated in
Equation (2.21). And finally (e) for each spacetime derivative that act on the heavy field, insert a factor
of iqµ, with qµ characterising the 4-momentum of the heavy field. the same applies to wavefunction, the
discontinuity of the wavefunction goes to zero faster than the RHS of the MFS, notice that the total energy
is trivially conservedcorrections There are a few remarks about the massive flat space limit in Equation
(2.21):make an extensive argument for sending energies to zero and its relevance. Because otherwise one
simply gets an eft suppresssed with 1/m2’s. This is related to the second bulletpoint. Explain also that
this is a contact term.

m Fn is composed of all ± permutations of the vertices in the associated in-in integral, but, as we argue
below, only the all +’s and all �’s contributions survive in the MFS limit. These contributions are
captured by the Gn(pi) and G⇤

n
(pi) vertex factors appearing in Equation (2.21), respectively.

m It is crucial that whilst the energies of the external legs !i in Fn are sent to zero, the associated
spatial momenta ki are held fixed. This means that the MFS does not exist for on-shell de Sitter
correlators or, more generally, for correlators of external fields with the modified dispersion relation
|ki| = !i/cs, at finite cs. Nevertheless, in Section ??, we use the MFS limit to express the on-shell
correlators of phonons in the cs ! 0 limit.

m Notice that, on the RHS of (2.21), the external energies p0
i

of the flat space Feynman graph entering
Gn are identically zero. However, it is crucial to keep them finite within the bulk-to-boundary
propagators K+(!i, ⌘).

m Equation (2.21) describes the leading order asymptotic behaviour of the correlator in the MFS limit.
Sub-leading corrections may be organized as a power series in the H/m parameter, by substituting
!i = H

m
�i inside the correlators. In Section ?? we show how these corrections can be systematically

calculated in an EFT framework.

m Notice that generically Gn(pi) cannot be expanded around pµ

i
= 0, because pµ

i
is a function of time,

and it grows to infinity at ⌘ ! �1. Therefore, FMFS
n

should be interpreted as a contact term with
a non-local vertex. We will discuss the appropriate EFT that captures such non-local operators.
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• Theorem: The MFS limit of a Witten graph is entirely fixed by the 
same graph in flat space with amputated external legs.  



• Sketch of The Proof: 
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1

M
⌧ 1

HI

<latexit sha1_base64="S+I9BayHRauFahXzdmuRlo7DtjM="></latexit>

exp(iSe↵(�)) =

Z
D� exp(iSe↵(�,�))

Do the path integral as if you were 
In flat space (instead of Schwinger-Keldysh)  

• Particle production vanishes in this limit. 
• Only “++” propagators contribute to the correlators.
•  Explicitly checked for tree-Level and one-Loop bubble diagrams.

Building Block I. 

<latexit sha1_base64="UhwhHQmbdKcN8300FeXfW7U/qkk="></latexit>

Fn =

Z
d⌘1 . . . d⌘V ei!1⌘1 . . . ei!V ⌘V ⇥ . . .

Zero energy limit picks up the UV limit
Such that the kinetic energy              
is comparable to the mass
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⌘i ! �1
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|ki⌘j |

Building Block II. 



Signatures Of Massive Fields



• During inflation time translation symmetry is spontaneously broken. The long 
wavelength fluctuations of the system can be described with the associated 
Goldstone boson (aka phonon)
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U(1)⇥ ISO(3, 1) ! Udiag.(1)⇥ ISO(3)
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� = ˙̄� (t+ ⇡(t,x))

Cosmological Phonon Collider
• During inflation time translation symmetry is spontaneously broken. The 

long wavelength fluctuations of the system can be described with the 
associated Goldstone boson

Systematic, powerful and 
direct link with observations

Formulation of theories 
straight at the level of fluctuations

Source of inflation 

motivates informs Guaranteed: Goldstone boson
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⇣ = �H⇡ + . . .

fluctuation of the clock field

Preferred space-like foliation (existence of clock) 
breaks time reparametrization invariance

Cheung, Creminelli, Fitzpatrick, 
Kaplan, Senatore [2008]

Effective Field Theory of  Inflationary Fluctuations

Cheung et al 2007

cs � 0.021(68%CL)
f eq
NL = �26± 47

forth
NL = �38± 24

Planck 2018

Equilateral/orthogonal non-Gaussianities

k3/k1

k2/k1

Seq
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Non-linearly realised symmetry

threshold for slow-roll dynamicsf eq
NL ⇠ 1

fNL = O(✏, ⌘) ⇠ 10�2 gravitational floor Maldacena (03)

f eq
NL ⇠ 1

c2s
� 1

Vanilla EFT:

Planck 2018
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scalar fluctuations during inflation



• During inflation time translation symmetry is spontaneously broken. The long 
wavelength fluctuations of the system can be described with the associated 
Goldstone boson (aka phonon)
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• We can couple additional matter fields to the phonons
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⇡̇2�
<latexit sha1_base64="tkDvaonZbLJsOEWWXe2fwtHNl+s=">AAACAHicbZC7SgNBFIbPeo3xtmphYTMYBKuwKxItgzaWEcwFskuYnUySIbMXZs4KYdnGV7GxUMTWx7DzbZwkW2jigRk+/nOZOX+QSKHRcb6tldW19Y3N0lZ5e2d3b98+OGzpOFWMN1ksY9UJqOZSRLyJAiXvJIrTMJC8HYxvp/n2I1daxNEDThLuh3QYiYFgFI3Us4+9foyZl4jcC6gyoA2Zq2dXnKozC7IMbgEVKKLRs7/MJJaGPEImqdZd10nQz6hCwSTPy16qeULZmA5512BEQ679bLZATs6M0ieDWJkTIZmpvzsyGmo9CQNTGVIc6cXcVPwv101xcO1nIkpS5BGbPzRIJcGYTN0gfaE4QzkxQJkS5q+EjaiiDI1nZWOCu7jyMrQuqm6tWru/rNRvCjtKcAKncA4uXEEd7qABTWCQwzO8wpv1ZL1Y79bHvHTFKnqO4E9Ynz/ok5dF</latexit>

⇡̇ ̄ 
<latexit sha1_base64="RaiKYfnS9rqcuIr5QlwxBvTqxlc=">AAACB3icbVDLSgMxFM3UV62vUZeCBItQN2WmSHVZdOOygn1AZyyZNNOGZjIhyQhl6M6Nv+LGhSJu/QV3/o2ZdhbaeiDhcM693HtPIBhV2nG+rcLK6tr6RnGztLW9s7tn7x+0VZxITFo4ZrHsBkgRRjlpaaoZ6QpJUBQw0gnG15nfeSBS0Zjf6YkgfoSGnIYUI22kvn1c8QSSmiIGPUHP7mtegGTqCUWn2de3y07VmQEuEzcnZZCj2be/vEGMk4hwjRlSquc6QvtpNgIzMi15iSIC4TEakp6hHEVE+ensjik8NcoAhrE0j2s4U393pChSahIFpjJCeqQWvUz8z+slOrz0U8pFognH80FhwqCOYRYKHFBJsGYTQxCW1OwK8QhJhLWJrmRCcBdPXibtWtWtV+u35+XGVR5HERyBE1ABLrgADXADmqAFMHgEz+AVvFlP1ov1bn3MSwtW3nMI/sD6/AGuO5k6</latexit>

(@⇡)2 ̄ 

<latexit sha1_base64="c4xXJK4uhUVHLKadMsm8T+Zc9vM=">AAACK3icbVDLSgMxFM3UV62vUZdugkXQTZmpUl2KblxWsFXolJJJ79TQTGZI7ohl6P+48Vdc6MIHbv0P08dCqwcCh3Pu4eaeMJXCoOe9O4W5+YXFpeJyaWV1bX3D3dxqmiTTHBo8kYm+CZkBKRQ0UKCEm1QDi0MJ12H/fORf34E2IlFXOEihHbOeEpHgDK3Ucc8CyVRPAg1SsR8g3GMY5f1hxz+YEaqzwuFBoMfRjlv2Kt4Y9C/xp6RMpqh33Oegm/AsBoVcMmNavpdiO2caBZcwLAWZgZTxPutBy1LFYjDtfHzrkO5ZpUujRNunkI7Vn4mcxcYM4tBOxgxvzaw3Ev/zWhlGJ+1cqDRDUHyyKMokxYSOiqNdoYGjHFjCuBb2r5TfMs042npLtgR/9uS/pFmt+LVK7fKofHo2raNIdsgu2Sc+OSan5ILUSYNw8kCeyCt5cx6dF+fD+ZyMFpxpZpv8gvP1DRGrqDc=</latexit>

h⇡(k1)⇡(k2)⇡(k3)i
<latexit sha1_base64="c4xXJK4uhUVHLKadMsm8T+Zc9vM=">AAACK3icbVDLSgMxFM3UV62vUZdugkXQTZmpUl2KblxWsFXolJJJ79TQTGZI7ohl6P+48Vdc6MIHbv0P08dCqwcCh3Pu4eaeMJXCoOe9O4W5+YXFpeJyaWV1bX3D3dxqmiTTHBo8kYm+CZkBKRQ0UKCEm1QDi0MJ12H/fORf34E2IlFXOEihHbOeEpHgDK3Ucc8CyVRPAg1SsR8g3GMY5f1hxz+YEaqzwuFBoMfRjlv2Kt4Y9C/xp6RMpqh33Oegm/AsBoVcMmNavpdiO2caBZcwLAWZgZTxPutBy1LFYjDtfHzrkO5ZpUujRNunkI7Vn4mcxcYM4tBOxgxvzaw3Ev/zWhlGJ+1cqDRDUHyyKMokxYSOiqNdoYGjHFjCuBb2r5TfMs042npLtgR/9uS/pFmt+LVK7fKofHo2raNIdsgu2Sc+OSan5ILUSYNw8kCeyCt5cx6dF+fD+ZyMFpxpZpv8gvP1DRGrqDc=</latexit>

h⇡(k1)⇡(k2)⇡(k3)i
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• Bubble-Diagrams Contribution to Four-Point

<latexit sha1_base64="nOcE5FNUL4iVzWdNK350QU6EKl4=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5id9CZDZmfXmd5gWPIdXjwo4tWP8ebfOHkcNLGgoajqprsrSKQw6LrfTm5tfWNzK79d2Nnd2z8oHh41TJxqDnUey1i3AmZACgV1FCihlWhgUSChGQxvp35zBNqIWD3gOAE/Yn0lQsEZWsnvIDxhEGbDSdej3WLJLbsz0FXiLUiJLFDrFr86vZinESjkkhnT9twE/YxpFFzCpNBJDSSMD1kf2pYqFoHxs9nRE3pmlR4NY21LIZ2pvycyFhkzjgLbGTEcmGVvKv7ntVMMr/1MqCRFUHy+KEwlxZhOE6A9oYGjHFvCuBb2VsoHTDOONqeCDcFbfnmVNC7KXqVcub8sVW8WceTJCTkl58QjV6RK7kiN1Aknj+SZvJI3Z+S8OO/Ox7w15yxmjskfOJ8/njeSAw==</latexit>

k1
<latexit sha1_base64="+X7ZvE9mY2oMAxZ19ZkmzIfdJ9k=">AAAB83icbVBNS8NAEN34WetX1aOXxSJ4KkmR6rHoxWMF+wFNKZvtpF262YTdiVhC/4YXD4p49c9489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqDk0ey1h3AmZACgVNFCihk2hgUSChHYxvZ377EbQRsXrASQK9iA2VCAVnaCXfR3jCIMzG0361Xyq7FXcOukq8nJRJjka/9OUPYp5GoJBLZkzXcxPsZUyj4BKmRT81kDA+ZkPoWqpYBKaXzW+e0nOrDGgYa1sK6Vz9PZGxyJhJFNjOiOHILHsz8T+vm2J43cuESlIExReLwlRSjOksADoQGjjKiSWMa2FvpXzENONoYyraELzll1dJq1rxapXa/WW5fpPHUSCn5IxcEI9ckTq5Iw3SJJwk5Jm8kjcndV6cd+dj0brm5DMn5A+czx9FZZHa</latexit>

k2
<latexit sha1_base64="bpj44aUG83nUjPPXC/PC4tURA2c=">AAAB83icbVBNS8NAEN34WetX1aOXxSJ4KolK9Vj04rGC/YCmlM120i7dbMLuRCyhf8OLB0W8+me8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk41hwaPZazbATMghYIGCpTQTjSwKJDQCka3U7/1CNqIWD3gOIFuxAZKhIIztJLvIzxhEGajSe+iVyq7FXcGuky8nJRJjnqv9OX3Y55GoJBLZkzHcxPsZkyj4BImRT81kDA+YgPoWKpYBKabzW6e0FOr9GkYa1sK6Uz9PZGxyJhxFNjOiOHQLHpT8T+vk2J43c2ESlIExeeLwlRSjOk0ANoXGjjKsSWMa2FvpXzINONoYyraELzFl5dJ87ziVSvV+8ty7SaPo0COyQk5Ix65IjVyR+qkQThJyDN5JW9O6rw4787HvHXFyWeOyB84nz9G6ZHb</latexit>

k3
<latexit sha1_base64="DPhbHOtFr3Jd/vhSWOXOEJPtSjM=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseiF48V7Ac0pWy2k3bpZhN2J2IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzvz2I2gjYvWAkwR6ERsqEQrO0Eq+j/CEQZiNp/3LfrniVt056CrxclIhORr98pc/iHkagUIumTFdz02wlzGNgkuYlvzUQML4mA2ha6liEZheNr95Ss+sMqBhrG0ppHP190TGImMmUWA7I4Yjs+zNxP+8borhdS8TKkkRFF8sClNJMaazAOhAaOAoJ5YwroW9lfIR04yjjalkQ/CWX14lrYuqV6vW7i8r9Zs8jiI5IafknHjkitTJHWmQJuEkIc/klbw5qfPivDsfi9aCk88ckz9wPn8ASG2R3A==</latexit>

k4

<latexit sha1_base64="3+GKBijvB4N1tJA4jIZwOBOKfd8=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRahXspukeqx6MVjBfsB7VqyabYNzWZjkhXK0j/hxYMiXv073vw3pu0etPXBwOO9GWbmBZIzbVz328mtrW9sbuW3Czu7e/sHxcOjlo4TRWiTxDxWnQBrypmgTcMMpx2pKI4CTtvB+Gbmt5+o0iwW92YiqR/hoWAhI9hYqdNrsLJ8qJ73iyW34s6BVomXkRJkaPSLX71BTJKICkM41rrrudL4KVaGEU6nhV6iqcRkjIe0a6nAEdV+Or93is6sMkBhrGwJg+bq74kUR1pPosB2RtiM9LI3E//zuokJr/yUCZkYKshiUZhwZGI0ex4NmKLE8IklmChmb0VkhBUmxkZUsCF4yy+vkla14tUqtbuLUv06iyMPJ3AKZfDgEupwCw1oAgEOz/AKb86j8+K8Ox+L1pyTzRzDHzifP+J0jzs=</latexit>

⇧(p2)

<latexit sha1_base64="4iFLarEQdlR+UKTqJaFb5sxxQHQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48VTFtoY9lsN+3S3U3Y3Qgl9Dd48aCIV3+QN/+N2zQHbX0w8Hhvhpl5YcKZNq777ZTW1jc2t8rblZ3dvf2D6uFRW8epItQnMY9VN8Saciapb5jhtJsoikXIaSec3M79zhNVmsXywUwTGgg8kixiBBsr+cljX6SDas2tuznQKvEKUoMCrUH1qz+MSSqoNIRjrXuem5ggw8owwums0k81TTCZ4BHtWSqxoDrI8mNn6MwqQxTFypY0KFd/T2RYaD0Voe0U2Iz1sjcX//N6qYmug4zJJDVUksWiKOXIxGj+ORoyRYnhU0swUczeisgYK0yMzadiQ/CWX14l7Yu616g37i9rzZsijjKcwCmcgwdX0IQ7aIEPBBg8wyu8OdJ5cd6dj0VrySlmjuEPnM8f5eOOww==</latexit>

pµ
<latexit sha1_base64="4iFLarEQdlR+UKTqJaFb5sxxQHQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48VTFtoY9lsN+3S3U3Y3Qgl9Dd48aCIV3+QN/+N2zQHbX0w8Hhvhpl5YcKZNq777ZTW1jc2t8rblZ3dvf2D6uFRW8epItQnMY9VN8Saciapb5jhtJsoikXIaSec3M79zhNVmsXywUwTGgg8kixiBBsr+cljX6SDas2tuznQKvEKUoMCrUH1qz+MSSqoNIRjrXuem5ggw8owwums0k81TTCZ4BHtWSqxoDrI8mNn6MwqQxTFypY0KFd/T2RYaD0Voe0U2Iz1sjcX//N6qYmug4zJJDVUksWiKOXIxGj+ORoyRYnhU0swUczeisgYK0yMzadiQ/CWX14l7Yu616g37i9rzZsijjKcwCmcgwdX0IQ7aIEPBBg8wyu8OdJ5cd6dj0VrySlmjuEPnM8f5eOOww==</latexit>

pµ

Feynman Loop Integrals 

where �R is defined by the amplitude at the symmetric, o↵-shell point

A4(s = t = u =
4µ

2

3
) = ��R . (3.6)

This two-to-two diagram can be also derived from an e↵ective non-local action given by

Le↵ = ��'
4
�

g
2

32⇡2
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2

 Z 1

0
dx log

"
m

2
� x(1 � x)⇤
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2
. (3.7)

Notice that very much like the single exchange tree-graph, in the cs ! 0 limit we can drop k
0
i

compared to ki. As a result the amplitude can be e↵ectively attributed to the following contact

interaction

Le↵ = ��'
4
�
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2

32⇡2
'

2

 Z 1

0
dx log

"
m

2
� x(1 � x)r2
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. (3.8)

The integration over x, namely

f(⇤) ⌘

Z 1

0
dx log

"
m

2
� x(1 � x)⇤

m2 + 4x(1 � x)µ2

3

#
. (3.9)

⇧(p) ⌘

Z 1

0
dx log

"
m

2 + x(1 � x)p2

m2 + 4x(1 � x)µ2

3

#
. (3.10)

can be analytically performed

f(⇤) =
2(�⇤ + 4m

2)
1
2

p
�⇤

Arctanh
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1
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�
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1
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#
.

(3.11)

Which might be replaced with another expression using

Arctanh(z) =
1

2
log(1 + z) �

1

2
log(1 � z) . (3.12)

3.2 One-Loop E↵ective Action

In situations where we are only interested in the correlators of ', we can at least formally integrate

out the massive field �. At the one-loop level, the resulting contribution to the e↵ective action

is given by

�Se↵ =
i

2
Tr ln

✓
�i

�
2
S

��(x)��(x0)

◆
+ . . . . (3.13)

In our case we have

�
2
S

��(x)��(y)
= +

1

2

�
⇤x � M

2
�
�
4(x � y) � g '

2(x) �
4(x � y) (3.14)

= iA0 + i�A .

4

<latexit sha1_base64="aJv3R47Qq0Ef0vt2Q07zfARD4KQ=">AAACBHicbVDLSsNAFJ34rPUVddnNYBEqQkmKVDdC0Y3LCvYBTVomk0k7dCYJMxOhhCzc+CtuXCji1o9w5984bbPQ1gMXzpxzL3Pv8WJGpbKsb2NldW19Y7OwVdze2d3bNw8O2zJKBCYtHLFIdD0kCaMhaSmqGOnGgiDuMdLxxjdTv/NAhKRReK8mMXE5GoY0oBgpLQ3MktOklbhfO71y/EAgnNIs1c8z3q9lA7NsVa0Z4DKxc1IGOZoD88vxI5xwEirMkJQ924qVmyKhKGYkKzqJJDHCYzQkPU1DxIl009kRGTzRig+DSOgKFZypvydSxKWccE93cqRGctGbiv95vUQFl25KwzhRJMTzj4KEQRXBaSLQp4JgxSaaICyo3hXiEdJZKJ1bUYdgL568TNq1ql2v1u/Oy43rPI4CKIFjUAE2uAANcAuaoAUweATP4BW8GU/Gi/FufMxbV4x85gj8gfH5A03wl0Q=</latexit>

⇧(p2) =
i

p2 +m2
e.g. 

<latexit sha1_base64="wOb4zZyvtoQ6uiDHl8ijIA75dK4=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSxCvZREpHosevFmBfsBTSiT7aZdutmE3Y1QQv0rXjwo4tUf4s1/47bNQVsfDDzem2FmXpBwprTjfFuFtfWNza3idmlnd2//wD48aqs4lYS2SMxj2Q1AUc4EbWmmOe0mkkIUcNoJxjczv/NIpWKxeNCThPoRDAULGQFtpL5dzjwCHN9Nq17CzjzFhhH07YpTc+bAq8TNSQXlaPbtL28QkzSiQhMOSvVcJ9F+BlIzwum05KWKJkDGMKQ9QwVEVPnZ/PgpPjXKAIexNCU0nqu/JzKIlJpEgemMQI/UsjcT//N6qQ6v/IyJJNVUkMWiMOVYx3iWBB4wSYnmE0OASGZuxWQEEog2eZVMCO7yy6ukfV5z67X6/UWlcZ3HUUTH6ARVkYsuUQPdoiZqIYIm6Bm9ojfryXqx3q2PRWvBymfK6A+szx/4HJRa</latexit>

O(⇡)�

<latexit sha1_base64="PpUKmBk9Tp2CX1wO72wdZJ3nnD4=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IR6qUkRarHohdvVrAf0MQy2W7bpbtJ2N0IJRT8K148KOLV3+HNf+O2zUFbHww83pthZl4Qc6a043xbuZXVtfWN/GZha3tnd8/eP2iqKJGENkjEI9kOQFHOQtrQTHPajiUFEXDaCkbXU7/1SKViUXivxzH1BQxC1mcEtJG69lHqEeD4dlLyYnbmKTYQ8FDp2kWn7MyAl4mbkSLKUO/aX14vIomgoSYclOq4Tqz9FKRmhNNJwUsUjYGMYEA7hoYgqPLT2fkTfGqUHu5H0lSo8Uz9PZGCUGosAtMpQA/VojcV//M6ie5f+ikL40TTkMwX9ROOdYSnWeAek5RoPjYEiGTmVkyGIIFok1jBhOAuvrxMmpWyWy1X786Ltassjjw6RieohFx0gWroBtVRAxGUomf0it6sJ+vFerc+5q05K5s5RH9gff4AKvSU/g==</latexit>

O(⇡)�2



• The general structure of the four-point function (up to weight-shifting operators)

<latexit sha1_base64="UIEDJDaVcjr05E5XYPW+0z18xlk="></latexit>

F (k1, k2, k3, k4, s) = Im

Z 0

�1
d⌘ ⇧(s2⌘2) eicskT ⌘

<latexit sha1_base64="nOcE5FNUL4iVzWdNK350QU6EKl4=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5id9CZDZmfXmd5gWPIdXjwo4tWP8ebfOHkcNLGgoajqprsrSKQw6LrfTm5tfWNzK79d2Nnd2z8oHh41TJxqDnUey1i3AmZACgV1FCihlWhgUSChGQxvp35zBNqIWD3gOAE/Yn0lQsEZWsnvIDxhEGbDSdej3WLJLbsz0FXiLUiJLFDrFr86vZinESjkkhnT9twE/YxpFFzCpNBJDSSMD1kf2pYqFoHxs9nRE3pmlR4NY21LIZ2pvycyFhkzjgLbGTEcmGVvKv7ntVMMr/1MqCRFUHy+KEwlxZhOE6A9oYGjHFvCuBb2VsoHTDOONqeCDcFbfnmVNC7KXqVcub8sVW8WceTJCTkl58QjV6RK7kiN1Aknj+SZvJI3Z+S8OO/Ox7w15yxmjskfOJ8/njeSAw==</latexit>

k1
<latexit sha1_base64="+X7ZvE9mY2oMAxZ19ZkmzIfdJ9k=">AAAB83icbVBNS8NAEN34WetX1aOXxSJ4KkmR6rHoxWMF+wFNKZvtpF262YTdiVhC/4YXD4p49c9489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqDk0ey1h3AmZACgVNFCihk2hgUSChHYxvZ377EbQRsXrASQK9iA2VCAVnaCXfR3jCIMzG0361Xyq7FXcOukq8nJRJjka/9OUPYp5GoJBLZkzXcxPsZUyj4BKmRT81kDA+ZkPoWqpYBKaXzW+e0nOrDGgYa1sK6Vz9PZGxyJhJFNjOiOHILHsz8T+vm2J43cuESlIExReLwlRSjOksADoQGjjKiSWMa2FvpXzENONoYyraELzll1dJq1rxapXa/WW5fpPHUSCn5IxcEI9ckTq5Iw3SJJwk5Jm8kjcndV6cd+dj0brm5DMn5A+czx9FZZHa</latexit>

k2
<latexit sha1_base64="bpj44aUG83nUjPPXC/PC4tURA2c=">AAAB83icbVBNS8NAEN34WetX1aOXxSJ4KolK9Vj04rGC/YCmlM120i7dbMLuRCyhf8OLB0W8+me8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk41hwaPZazbATMghYIGCpTQTjSwKJDQCka3U7/1CNqIWD3gOIFuxAZKhIIztJLvIzxhEGajSe+iVyq7FXcGuky8nJRJjnqv9OX3Y55GoJBLZkzHcxPsZkyj4BImRT81kDA+YgPoWKpYBKabzW6e0FOr9GkYa1sK6Uz9PZGxyJhxFNjOiOHQLHpT8T+vk2J43c2ESlIExeeLwlRSjOk0ANoXGjjKsSWMa2FvpXzINONoYyraELzFl5dJ87ziVSvV+8ty7SaPo0COyQk5Ix65IjVyR+qkQThJyDN5JW9O6rw4787HvHXFyWeOyB84nz9G6ZHb</latexit>

k3
<latexit sha1_base64="DPhbHOtFr3Jd/vhSWOXOEJPtSjM=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseiF48V7Ac0pWy2k3bpZhN2J2IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzvz2I2gjYvWAkwR6ERsqEQrO0Eq+j/CEQZiNp/3LfrniVt056CrxclIhORr98pc/iHkagUIumTFdz02wlzGNgkuYlvzUQML4mA2ha6liEZheNr95Ss+sMqBhrG0ppHP190TGImMmUWA7I4Yjs+zNxP+8borhdS8TKkkRFF8sClNJMaazAOhAaOAoJ5YwroW9lfIR04yjjalkQ/CWX14lrYuqV6vW7i8r9Zs8jiI5IafknHjkitTJHWmQJuEkIc/klbw5qfPivDsfi9aCk88ckz9wPn8ASG2R3A==</latexit>
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• Tree-level signal

II. Mildly-collapsed/equilateral (↵kT < s < 1
2kT ): for such configurations, during the interval

�
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. ⌘ . �
m

H

1

s
, (2.26)

the heavy field is relativistic. Therefore, one cannot simply expand the integrand in s⌘ in Equation (2.24),
as done previously. It is more useful instead to employ the Mellin transformation of the propagator:

T (z) =

Z 0

�1
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(s⌘)2 + m2

H2

=
1

2

⇣m

H

⌘z�2 ⇡

sin(⇡z/2)
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The inverse Mellin formula then implies:
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where c is an arbitrary real number within the (0, 2) interval. In terms of T (z) we can rewrite the correlator
F as
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The integral
R

(�s⌘)�z exp(icskT z) is infrared convergent only if Re(z) < 1, therefore in Equation (2.29)
one has to select the integration contour such that 0 < c < 1.

For s > ↵kT , the contour of integration can be closed with an infinite arc on the right half-plane.
Noting that, as a function of z, the integrand above is analytic except for isolated poles at at z = n with
n 2 Z, the Cauchy theorem then implies that
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log
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�
, (2.30)

where  (0)(2n) is the polygamma function. Notice than only poles at z = 2n � 2 have contributed to
F . In hindsight, even though we started with the assumption that ↵kT

s
> 1, the series expansion has an

infinite radius of convergence. Therefore, Equation (2.30) applies also to s < ↵kT , although for s ⌧ ↵kT ,
the convergence is very slow. we could have kept the real part in order to check the COT for the branch
cut. Appendix? Mention also that s = 0 is not a singular point despite the log as it shouldn’t. So only kt
signularity as expected.

2.4 From trees to bubbles via spectral decomposition

3 One-Loop E↵ective Action

• maybe we can start with a generic one-loop correction to the n-point function. Writing formally the
Feynman expression for the loop and showing that what do we mean by the low-speed limit.

9
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üFull analysis of the bispectrum shape 
and its size (single-, double- and 
triple- exchange diagrams) 

üNon-perturbative treatment of the 
linear mixing

üFactorized template for the low-speed 
collider signal as a function of

   

üAnalysis of the full bispectrum shape 
including the contamination with the 
standard  equilateral non-Gaussianity 
induced by
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Figure 18: Shapes S(k1, k1, k3) of the bispectra for isosceles triangles, normalized to unity in

equilateral configurations, for diagrams B1 (left) and B2 (right), and for (µ = 1, cs = 0.1) (top)

and (µ = 5, cs = 0.01) (bottom). The black curve is the exact bootstrap result and the red curve

corresponds to the leading-order non-local EFT predictions (6.38a)-(6.38b).
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• The inflationary cosmological correlators also carry information about 
interactions that are important at the Hubble scale 
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• Tree-level signal

II. Mildly-collapsed/equilateral (↵kT < s < 1
2kT ): for such configurations, during the interval

�
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cskT
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H

1

s
, (2.26)

the heavy field is relativistic. Therefore, one cannot simply expand the integrand in s⌘ in Equation (2.24),
as done previously. It is more useful instead to employ the Mellin transformation of the propagator:

T (z) =

Z 0
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=
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sin(⇡z/2)
(0 < Re(z) < 2) . (2.27)

The inverse Mellin formula then implies:
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where c is an arbitrary real number within the (0, 2) interval. In terms of T (z) we can rewrite the correlator
F as

F = Im
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The integral
R

(�s⌘)�z exp(icskT z) is infrared convergent only if Re(z) < 1, therefore in Equation (2.29)
one has to select the integration contour such that 0 < c < 1.

For s > ↵kT , the contour of integration can be closed with an infinite arc on the right half-plane.
Noting that, as a function of z, the integrand above is analytic except for isolated poles at at z = n with
n 2 Z, the Cauchy theorem then implies that

F = �
1

s

1X

n=1

1

(2n � 1)!

✓
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s

◆2n�1 
log

✓
↵kT

s

◆
�  (0)(2n)

�
, (2.30)

where  (0)(2n) is the polygamma function. Notice than only poles at z = 2n � 2 have contributed to
F . In hindsight, even though we started with the assumption that ↵kT

s
> 1, the series expansion has an

infinite radius of convergence. Therefore, Equation (2.30) applies also to s < ↵kT , although for s ⌧ ↵kT ,
the convergence is very slow. we could have kept the real part in order to check the COT for the branch
cut. Appendix? Mention also that s = 0 is not a singular point despite the log as it shouldn’t. So only kt
signularity as expected.

2.4 From trees to bubbles via spectral decomposition

3 One-Loop E↵ective Action

• maybe we can start with a generic one-loop correction to the n-point function. Writing formally the
Feynman expression for the loop and showing that what do we mean by the low-speed limit.
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üFull analysis of the bispectrum shape 
and its size (single-, double- and 
triple- exchange diagrams) 

üNon-perturbative treatment of the 
linear mixing

üFactorized template for the low-speed 
collider signal as a function of

   

üAnalysis of the full bispectrum shape 
including the contamination with the 
standard  equilateral non-Gaussianity 
induced by
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Figure 18: Shapes S(k1, k1, k3) of the bispectra for isosceles triangles, normalized to unity in

equilateral configurations, for diagrams B1 (left) and B2 (right), and for (µ = 1, cs = 0.1) (top)

and (µ = 5, cs = 0.01) (bottom). The black curve is the exact bootstrap result and the red curve

corresponds to the leading-order non-local EFT predictions (6.38a)-(6.38b).
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↵ = csm/H

<latexit sha1_base64="T4Cb48cRfbVujhGuM+sckxqrAJM=">AAACEnicbVC7TsMwFHV4lvIKMLJYVEithKqkoMJYwcLAUAR9SE0aOa7bWnGcyHaQqqrfwMKvsDCAECsTG3+Dm2aAliNZOvece3V9jx8zKpVlfRtLyyura+u5jfzm1vbOrrm335RRIjBp4IhFou0jSRjlpKGoYqQdC4JCn5GWH1xN/dYDEZJG/F6NYuKGaMBpn2KktOSZpWLg3TgngXfXrZS6FUfRkEjoMMQHjEAnpt1TR6SFZxasspUCLhI7IwWQoe6ZX04vwklIuMIMSdmxrVi5YyQUxYxM8k4iSYxwgAakoylHerM7Tk+awGOt9GA/EvpxBVP198QYhVKOQl93hkgN5bw3Ff/zOonqX7hjyuNEEY5ni/oJgyqC03xgjwqCFRtpgrCg+q8QD5FAWOkU8zoEe/7kRdKslO1quXp7VqhdZnHkwCE4AkVgg3NQA9egDhoAg0fwDF7Bm/FkvBjvxsesdcnIZg7AHxifP0JdnKQ=</latexit>

(kL k2S)
2 ⇥ h⇡3i

BOSS Galaxy data: Cabass et al 2024

CMB data: Sohn et al 2024Low-Speed Collider Signal



Speculations

• What happens in the massive flat space of on-shell correlators? What is its 
relation to scattering amplitudes? (particle production might become 
important unlike the off-shell case) 

• Can we learn about positivity bounds on correlators? 

<latexit sha1_base64="9yqxhrtQTWSSD/qjRm+n9fYQgPs=">AAACKXicbVBNSwMxEM36WetX1aOXYBE8SNkVUS9C0YvHClYL3VKy2dk2NJtdk1mxLP07XvwrXhQU9eofMa0V1Pog8Oa9GSbzglQKg6775kxNz8zOzRcWiotLyyurpbX1S5NkmkOdJzLRjYAZkEJBHQVKaKQaWBxIuAp6p0P/6ga0EYm6wH4KrZh1lIgEZ2ildqnaa1/4mFDX3931rzMW0nhY+kJF2B9p36KIwVDbfewj3GIeiVsIBxXaLpXdijsCnSTemJTJGLV26ckPE57FoJBLZkzTc1Ns5Uyj4BIGRT8zkDLeYx1oWqqY3dvKR5cO6LZVQhol2j6FdKT+nMhZbEw/DmxnzLBr/npD8T+vmWF01MqFSjMExb8WRZmkNothbDQUGjjKviWMa2H/SnmXacbRhlu0IXh/T54kl3sV76BycL5frp6M4yiQTbJFdohHDkmVnJEaqRNO7sgDeSYvzr3z6Lw671+tU854ZoP8gvPxCXzVpjk=</latexit>

kT ! 0 , m ! 1 , m⇥ kT = fixed.

<latexit sha1_base64="wUvfTbDSc7kxoQIX/WLBQaCkWiM="></latexit>

Correlators EFT: F =
X

m

cm
Poly(ki)

kmT
.

<latexit sha1_base64="OC+ZoEVREkq33jfJLdwhRnPh+oI=">AAAB8XicbVBNS8NAEN3Ur1q/qh69BIvgqSQi1WNRFI8V+oVtKJvtpF262YTdiVhC/4UXD4p49d9489+4bXPQ1gcDj/dmmJnnx4JrdJxvK7eyura+kd8sbG3v7O4V9w+aOkoUgwaLRKTaPtUguIQGchTQjhXQ0BfQ8kfXU7/1CErzSNZxHIMX0oHkAWcUjfTQRXjC9Oa2PukVS07ZmcFeJm5GSiRDrVf86vYjloQgkQmqdcd1YvRSqpAzAZNCN9EQUzaiA+gYKmkI2ktnF0/sE6P07SBSpiTaM/X3REpDrcehbzpDikO96E3F/7xOgsGll3IZJwiSzRcFibAxsqfv232ugKEYG0KZ4uZWmw2pogxNSAUTgrv48jJpnpXdSrlyf16qXmVx5MkROSanxCUXpEruSI00CCOSPJNX8mZp68V6tz7mrTkrmzkkf2B9/gCWzpDh</latexit>

EFT

<latexit sha1_base64="Kwi8mUp/ELK9osXX7hhz4emo5X0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48VW1toQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHj0aOJUM95isYx1J6CGS6F4CwVK3kk0p1EgeTsY38789hPXRsSqiZOE+xEdKhEKRtFKD+N+s1+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyKnm8qHq1au3+slK/yeMowgmcwjl4cAV1uIMGtIDBEJ7hFd4c6bw4787HorXg5DPH8AfO5w8wgI3B</latexit>

kT

<latexit sha1_base64="6cV9nBcqBV++kCytAn438Oa/wWs=">AAAB+XicbVBNS8NAEN3Ur1q/oh69BIvgqSQi1WPVi8cK9gPaUDababt0Nwm7k2IJ/SdePCji1X/izX/jts1BWx8MPN6bYWZekAiu0XW/rcLa+sbmVnG7tLO7t39gHx41dZwqBg0Wi1i1A6pB8AgayFFAO1FAZSCgFYzuZn5rDErzOHrESQK+pIOI9zmjaKSebXcRnjC7kWYZpiFMe3bZrbhzOKvEy0mZ5Kj37K9uGLNUQoRMUK07npugn1GFnAmYlrqphoSyER1Ax9CIStB+Nr986pwZJXT6sTIVoTNXf09kVGo9kYHplBSHetmbif95nRT7137GoyRFiNhiUT8VDsbOLAYn5AoYiokhlClubnXYkCrK0IRVMiF4yy+vkuZFxatWqg+X5dptHkeRnJBTck48ckVq5J7USYMwMibP5JW8WZn1Yr1bH4vWgpXPHJM/sD5/AEChlBQ=</latexit>

Amplitude



Backup



<latexit sha1_base64="MOdY3lh5rhRI3qzL9cqYf5zvzo8=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELxwxyiOBlcwOvTBhdnYzM2tCCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1FjpvvZ42SuW3LI7B1klXkZKkKHeK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz2J1wmqUHJFovCVBATk9nfpM8VMiPGllCmuL2VsCFVlBmbTsGG4C2/vEqaF2WvUq7cXZaqN1kceTiBUzgHD66gCjWoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4AyRqNfQ==</latexit>

H
4

<latexit sha1_base64="vHSMGu+WOBBPtF2iFEk2z0Wcu5E=">AAACB3icbVDLSgMxFM34rPU16lKQYBFclDJTSnUjFN10I1SwD+hMh0yaaUMzmSHJCGXanRt/xY0LRdz6C+78G9PHQlsPBA7n3MPNPX7MqFSW9W2srK6tb2xmtrLbO7t7++bBYUNGicCkjiMWiZaPJGGUk7qiipFWLAgKfUaa/uBm4jcfiJA04vdqGBM3RD1OA4qR0pJnngSeE9NO6aqIPenkb71ap+jkR043Uml1PPLMnFWwpoDLxJ6THJij5plfOoqTkHCFGZKybVuxclMkFMWMjLNOIkmM8AD1SFtTjkIi3XR6xxieaaULg0joxxWcqr8TKQqlHIa+ngyR6stFbyL+57UTFVy6KeVxogjHs0VBwqCK4KQU2KWCYMWGmiAsqP4rxH0kEFa6uqwuwV48eZk0igW7XCjflXKV63kdGXAMTsE5sMEFqIAqqIE6wOARPINX8GY8GS/Gu/ExG10x5pkj8AfG5w+ZSpiJ</latexit>

f
4
⇡ = 2cs M

2
P |Ḣ|

<latexit sha1_base64="TzlgI0ENolNTuTLhn3jO8Ki3iqk=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0UQkZJIqS6Lbly4qGAf0KRhMpm0QyfJMDMRS+jajb/ixoUibv0Cd/6N0zYLrR4YOJxzLnfu8TmjUlnWl1FYWFxaXimultbWNza3zO2dlkxSgUkTJywRHR9JwmhMmooqRjpcEBT5jLT94eXEb98RIWkS36oRJ26E+jENKUZKS56571zrcIB6Ve/YQZyL5B5iT/aqzkmoNYdTzyxbFWsK+JfYOSmDHA3P/HSCBKcRiRVmSMqubXHlZkgoihkZl5xUEo7wEPVJV9MYRUS62fSUMTzUSgDDROgXKzhVf05kKJJyFPk6GSE1kPPeRPzP66YqPHczGvNUkRjPFoUpgyqBk15gQAXBio00QVhQ/VeIB0ggrHR7JV2CPX/yX9I6rdi1Su2mWq5f5HUUwR44AEfABmegDq5AAzQBBg/gCbyAV+PReDbejPdZtGDkM7vgF4yPb7dQmak=</latexit>

⇤4
⇤ ⇡ c4s f

4
⇡

<latexit sha1_base64="TUpEnmeXsyG3fqdySLSoCfk6Uu8=">AAAB+3icbVDLSsNAFL2pr1pfsS7dBIvgqiRSqsuimy4r2Ae0MUwmk3boZBJmJmIJ+RU3LhRx64+482+ctllo64HLPZxzL3Pn+AmjUtn2t1Ha2Nza3invVvb2Dw6PzONqT8apwKSLYxaLgY8kYZSTrqKKkUEiCIp8Rvr+9Hbu9x+JkDTm92qWEDdCY05DipHSkmdWR0EoEM7aD408w57UzTNrdt1ewFonTkFqUKDjmV+jIMZpRLjCDEk5dOxEuRkSimJG8soolSRBeIrGZKgpRxGRbra4PbfOtRJYYSx0cWUt1N8bGYqknEW+noyQmshVby7+5w1TFV67GeVJqgjHy4fClFkqtuZBWAEVBCs20wRhQfWtFp4gnYXScVV0CM7ql9dJ77LuNOvNu0atdVPEUYZTOIMLcOAKWtCGDnQBwxM8wyu8GbnxYrwbH8vRklHsnMAfGJ8/21OUVw==</latexit>

H
4

c4s

<latexit sha1_base64="0NTwSWUEP4J0059V9HIYTwynDIg=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBi2VXpHosevEgUsF+QLuUbJq2odlkSWaLZek/8eJBEa/+E2/+G9N2D9r6YODx3gwz88JYcAOe9+3kVlbX1jfym4Wt7Z3dPXf/oG5UoimrUSWUbobEMMElqwEHwZqxZiQKBWuEw5up3xgxbbiSjzCOWRCRvuQ9TglYqeO6bWBPkN4reXanKBGTjlv0St4MeJn4GSmiDNWO+9XuKppETAIVxJiW78UQpEQDp4JNCu3EsJjQIemzlqWSRMwE6ezyCT6xShf3lLYlAc/U3xMpiYwZR6HtjAgMzKI3Ff/zWgn0roKUyzgBJul8US8RGBSexoC7XDMKYmwJoZrbWzEdEE0o2LAKNgR/8eVlUj8v+eVS+eGiWLnO4sijI3SMTpGPLlEF3aIqqiGKRugZvaI3J3VenHfnY96ac7KZQ/QHzucPqi2Tsg==</latexit>

Non-Local

<latexit sha1_base64="ZEgxiIh3O5iWSQj/ayv4bS2PiEk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahgtSkluqx6KXHCvYDmrRstpt26WYTdjdCKf0bXjwo4tU/481/47bNQasPBh7vzTAzz485U9q2v6zM2vrG5lZ2O7ezu7d/kD88aqkokYQ2ScQj2fGxopwJ2tRMc9qJJcWhz2nbH9/N/fYjlYpF4kFPYuqFeChYwAjWRnKLV5fl817Fvaj3Kv18wS7ZC6C/xElJAVI0+vlPdxCRJKRCE46V6jp2rL0plpoRTmc5N1E0xmSMh7RrqMAhVd50cfMMnRllgIJImhIaLdSfE1McKjUJfdMZYj1Sq95c/M/rJjq48aZMxImmgiwXBQlHOkLzANCASUo0nxiCiWTmVkRGWGKiTUw5E4Kz+vJf0iqXnGqpel8p1G7TOLJwAqdQBAeuoQZ1aEATCMTwBC/waiXWs/VmvS9bM1Y6cwy/YH18AymJj9Y=</latexit>

(3/2)4 H4

<latexit sha1_base64="W46GdIsBBEHJDmS2Fzv+1Mf1Mhc=">AAACB3icbVA9SwNBEN2LXzF+RS0FWQyCVbgTiZZBGwuLCOYDkhD2NpNkyd7esTsnhiOdjX/FxkIRW/+Cnf/GTXKFJj4YeLw3w8w8P5LCoOt+O5ml5ZXVtex6bmNza3snv7tXM2GsOVR5KEPd8JkBKRRUUaCERqSBBb6Euj+8mvj1e9BGhOoORxG0A9ZXoic4Qyt18octhAdMbkLOJBWKmohxoEx1KYoAxp18wS26U9BF4qWkQFJUOvmvVjfkcQAKuWTGND03wnbCNAouYZxrxQbsiiHrQ9NSxQIw7WT6x5geW6VLe6G2pZBO1d8TCQuMGQW+7QwYDsy8NxH/85ox9i7aiVBRjKD4bFEvlhRDOgmFdoUGjnJkCeNa2FspHzDNONrocjYEb/7lRVI7LXqlYun2rFC+TOPIkgNyRE6IR85JmVyTCqkSTh7JM3klb86T8+K8Ox+z1oyTzuyTP3A+fwCgYZkr</latexit>

Local in space and time
<latexit sha1_base64="a/gzsE1UWKDbbLb/3kzHSvz7dP4=">AAACAnicbVA9SwNBFNzz2/h1aiU2i0GwCnciainaWFgoGBNIjrC3eUkW93aP3XdiOIKNf8XGQhFbf4Wd/8ZNvEITBxaGmfd4OxOnUlgMgi9vanpmdm5+YbG0tLyyuuavb9xYnRkOVa6lNvWYWZBCQRUFSqinBlgSS6jFt2dDv3YHxgqtrrGfQpSwrhIdwRk6qeVvNRHuMb/QnEmqlexToSiKBAYtvxxUghHoJAkLUiYFLlv+Z7OteZaAQi6ZtY0wSDHKmUHBJQxKzcxCyvgt60LDUcUSsFE+ijCgu05p04427imkI/X3Rs4Sa/tJ7CYThj077g3F/7xGhp3jKBcqzRAU/znUySRFTYd90LYwwNHlbgvGjXB/pbzHDOPoWiu5EsLxyJPkZr8SHlYOrw7KJ6dFHQtkm+yQPRKSI3JCzsklqRJOHsgTeSGv3qP37L157z+jU16xs0n+wPv4BkPQl1w=</latexit>

Local only in time

<latexit sha1_base64="saBtVx20BAt6TUQ5pJiZCvOPqIQ=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiQi1WXRjcsKthaaECaTSTt08mDmRiwhv+LGhSJu/RF3/o2TNgttPXDhcM69M/cePxVcgWV9G7W19Y3Nrfp2Y2d3b//APGwOVJJJyvo0EYkc+kQxwWPWBw6CDVPJSOQL9uBPb0r/4ZFJxZP4HmYpcyMyjnnIKQEteWbTAS4CljspkcCJKDzumS2rbc2BV4ldkRaq0PPMLydIaBaxGKggSo1sKwU3Lx+kghUNJ1MsJXRKxmykaUwiptx8vnuBT7US4DCRumLAc/X3RE4ipWaRrzsjAhO17JXif94og/DKzXmcZsBiuvgozASGBJdB4IBLRkHMNCFUcr0rphMiCQUdV0OHYC+fvEoG52270+7cXbS611UcdXSMTtAZstEl6qJb1EN9RNETekav6M0ojBfj3fhYtNaMauYI/YHx+QOwd5Th</latexit>

@̃i
<latexit sha1_base64="8OLvSA1/FRleVnIOWfzhX3oyeiA=">AAACB3icbVDLSgNBEJz1GeMr6lGQwSB4Crsi0WPQi8cI5gHJEmYnvcmQ2dllplcMS25e/BUvHhTx6i9482+cPA6aWDBQVHf1dFeQSGHQdb+dpeWV1bX13EZ+c2t7Z7ewt183cao51HgsY90MmAEpFNRQoIRmooFFgYRGMLge1xv3oI2I1R0OE/Aj1lMiFJyhlTqFozbCA2ZmGEWAekgDax4I1aOGMwmjTqHoltwJ6CLxZqRIZqh2Cl/tbszTCBRyyYxpeW6CfsY0Cm7n5dupgYTxAetBy1LFIjB+NrljRE+s0qVhrO1TSCfqb0fGImM3DWxnxLBv5mtj8b9aK8Xw0s+ESlIExacfhamkGNNxKLQrNHCUQ0sY18LuSnmfacbRRpe3IXjzJy+S+lnJK5fKt+fFytUsjhw5JMfklHjkglTIDamSGuHkkTyTV/LmPDkvzrvzMW1dcmaeA/IHzucPClGaEA==</latexit>

symmetry breaking scale
<latexit sha1_base64="N4Br0JlO11803PD/3uDOD31WzX0=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVqR6LXjxWsB/YLiWbZtvQbHZJZoVS+i+8eFDEq//Gm//GbLsHbX0QeLw3M5l5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY32Z++4lrI2L1gJOE+xEdKhEKRtFKj72EahRU9rFfrrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhPs3lM8lmplxqeUDamQ961VNGIG38633hGzqwyIGGs7VNI5urvjimNjJlEga2MKI7MspeJ/3ndFMNrfypUkiJXbPFRmEqCMcnOJwOhOUM5sYQyLeyuhI2opgxtSCUbgrd88ippXVS9WrV2f1mp3+RxFOEETuEcPLiCOtxBA5rAQMEzvMKbY5wX5935WJQWnLznGP7A+fwBzWGRBQ==</latexit>

@t
<latexit sha1_base64="Q1JhFpxi6uNuI0p6R2MQ9Vt4Uek=">AAACDnicbVC7SgNBFJ2NrxhfUUubxRCwCrsi0TJoYyESwTwgCWF29iYZMvtg5q4alv0CG3/FxkIRW2s7/8bJZgtNPDBwOOeemTvHCQVXaFnfRm5peWV1Lb9e2Njc2t4p7u41VRBJBg0WiEC2HapAcB8ayFFAO5RAPUdAyxlfTP3WHUjFA/8WJyH0PDr0+YAzilrqF8tdhAdM74kluEncvdJhl/bj1Iiv4T5Jkn6xZFWsFOYisTNSIhnq/eJX1w1Y5IGPTFClOrYVYi+mEjkTkBS6kYKQsjEdQkdTn3qgenG6RmKWteKag0Dq46OZqr8TMfWUmniOnvQojtS8NxX/8zoRDs56MffDCMFns4cGkTAxMKfdmC6XwFBMNKFMcr2ryUZUUoa6wYIuwZ7/8iJpHlfsaqV6c1KqnWd15MkBOSRHxCanpEYuSZ00CCOP5Jm8kjfjyXgx3o2P2WjOyDL75A+Mzx+tnZ3K</latexit>

⇤New

<latexit sha1_base64="Y/9A/zw3mNQoijDOhm9lH8aYjCk=">AAACInicbVDLSsNAFJ34tr6qLt0Ei+BCSiJSdSGIunCpaK2QxDKZ3tShkwczN2IJ+RY3/oobF4q6EvwYp2kWWj0wcDjnXObe4yeCK7SsT2NsfGJyanpmtjI3v7C4VF1euVJxKhk0WSxiee1TBYJH0ESOAq4TCTT0BbT83vHAb92BVDyOLrGfgBfSbsQDzihqqV3dh5uMX7QzF+EeMwiCPHfchHv5gcsjNE9cxbshdbeK2MDZGipe3q7WrLpVwPxL7JLUSImzdvXd7cQsDSFCJqhSjm0l6GVUImcC8oqbKkgo69EuOJpGNATlZcWJubmhlY4ZxFI/vVeh/pzIaKhUP/R1MqR4q0a9gfif56QY7HkZj5IUIWLDj4JUmBibg77MDpfAUPQ1oUxyvavJbqmkDHWrFV2CPXryX3K1Xbcb9cb5Tu3wqKxjhqyRdbJJbLJLDskpOSNNwsgDeSIv5NV4NJ6NN+NjGB0zyplV8gvG1zcDK6Uv</latexit>

eiSeff[⇡] =

Z
D� eiS[⇡,�]

<latexit sha1_base64="HJOIOHpuOCQ3cnwTr5hx4JoNiz0="></latexit>

LEFT(
1

⇤
@t,

1

⇤
@i,

⇡

f⇡
) =

X

n,m

fmn(
1

⇤
@i)


1

⇤
@t

�n 
⇡c

f⇡

�m

<latexit sha1_base64="lx4MR7x2cKwpBNV9MNPUH7gHD+s=">AAAB/XicbVDLSgNBEJyNrxhf8XHzMhgET2FXJHoMevHgIYJ5QBLC7KSTDJmdXWZ6xbgEf8WLB0W8+h/e/BsnyR40saChqOqmu8uPpDDout9OZml5ZXUtu57b2Nza3snv7tVMGGsOVR7KUDd8ZkAKBVUUKKERaWCBL6HuD68mfv0etBGhusNRBO2A9ZXoCc7QSp38QQvhAZObkDNJhaIoAhh38gW36E5BF4mXkgJJUenkv1rdkMcBKOSSGdP03AjbCdMouIRxrhUbiBgfsj40LVUsANNOpteP6bFVurQXalsK6VT9PZGwwJhR4NvOgOHAzHsT8T+vGWPvop0IFcUIis8W9WJJMaSTKGhXaOAoR5YwroW9lfIB04yjDSxnQ/DmX14ktdOiVyqWbs8K5cs0jiw5JEfkhHjknJTJNamQKuHkkTyTV/LmPDkvzrvzMWvNOOnMPvkD5/MHhIGVSA==</latexit>

Local in time
<latexit sha1_base64="1qzXGITQh9iMYhG/ymM1+ZUnATQ=">AAACAnicbVBNSwMxEM36WevXqifxEiyCF8uuSPVY9OJBpIJVoV1KNp22wWyyJLNiWYoX/4oXD4p49Vd489+Y1h78ejDweG8mmXlxKoXFIPjwJianpmdmC3PF+YXFpWV/ZfXC6sxwqHMttbmKmQUpFNRRoISr1ABLYgmX8fXR0L+8AWOFVufYTyFKWFeJjuAMndTy15sIt5ifarVzojmTVChqU8Zh0PJLQTkYgf4l4ZiUyBi1lv/ebGueJaCQS2ZtIwxSjHJmUHAJg2Izs+BevmZdaDiqWAI2ykcnDOiWU9q0o40rhXSkfp/IWWJtP4ldZ8KwZ397Q/E/r5Fh5yDKhUozBMW/PupkkqKmwzxoWxjgKPuOMG6E25XyHjOMo0ut6EIIf5/8l1zslsNKuXK2V6oejuMokA2ySbZJSPZJlRyTGqkTTu7IA3kiz9699+i9eK9frRPeeGaN/ID39gn9Upcv</latexit>

Non-Local in space



<latexit sha1_base64="0nXnLq9pDf+zqkm+tjhOFicB1gQ=">AAACCXicbVDLSsNAFJ34rPUVdelmsAgVSklEqsuiG3dWsQ9oQrmZTtqhkwczE6GEbt34K25cKOLWP3Dn3zhps9DWAxcO59w7c+/xYs6ksqxvY2l5ZXVtvbBR3Nza3tk19/ZbMkoEoU0S8Uh0PJCUs5A2FVOcdmJBIfA4bXujq8xvP1AhWRTeq3FM3QAGIfMZAaWlnolThwDHN5PeXdmJQSgGvOLE7MSpOJINAuiZJatqTYEXiZ2TEsrR6JlfTj8iSUBDRThI2bWtWLlp9jThdFJ0EkljICMY0K6mIQRUuun0kgk+1kof+5HQFSo8VX9PpBBIOQ483RmAGsp5LxP/87qJ8i/clIVxomhIZh/5CccqwlksuM8EJYqPNQEimN4VkyEIIEqHV9Qh2PMnL5LWadWuVWu3Z6X6ZR5HAR2iI1RGNjpHdXSNGqiJCHpEz+gVvRlPxovxbnzMWpeMfOYA/YHx+QNqEpmK</latexit>

OR(@,⇡)�
<latexit sha1_base64="jWYV58rbUk2KoZpEr0VaiUHBpQ4=">AAACC3icbVC7SgNBFJ2Nrxhfq5Y2Q4IQIYTdINEyaGMhGME8ILsudyeTZMjsg5lZISzpbfwVGwtFbP0BO//GyaPQxAMXDufcO3Pv8WPOpLKsbyOzsrq2vpHdzG1t7+zumfsHTRklgtAGiXgk2j5IyllIG4opTtuxoBD4nLb84eXEbz1QIVkU3qlRTN0A+iHrMQJKS56ZTx0CHN+MveuiE4NQDHjJidl95cQpOZL1A/DMglW2psDLxJ6TApqj7plfTjciSUBDRThI2bGtWLnp5HHC6TjnJJLGQIbQpx1NQwiodNPpLWN8rJUu7kVCV6jwVP09kUIg5SjwdWcAaiAXvYn4n9dJVO/cTVkYJ4qGZPZRL+FYRXgSDO4yQYniI02ACKZ3xWQAAojS8eV0CPbiycukWSnb1XL19rRQu5jHkUVHKI+KyEZnqIauUB01EEGP6Bm9ojfjyXgx3o2PWWvGmM8coj8wPn8Am5eaKA==</latexit>

OL(@,⇡
2)�

<latexit sha1_base64="ZdZ7U5RkEk8oVNG4HI4dFsjP7Q0=">AAACDXicbVC7SgNBFJ31GeNr1dJmMAoRQtgNEi2DNhaCEcwDsptwdzJJhsw+mJkVwpIfsPFXbCwUsbW382+cTVJo4oELh3Punbn3eBFnUlnWt7G0vLK6tp7ZyG5ube/smnv7dRnGgtAaCXkomh5IyllAa4opTpuRoOB7nDa84VXqNx6okCwM7tUooq4P/YD1GAGlpY55nDgEOL4dd27yTgRCMeAFJ2Lt0qlTcCTr+9AudcycVbQmwIvEnpEcmqHaMb+cbkhinwaKcJCyZVuRcpP0ecLpOOvEkkZAhtCnLU0D8Kl0k8k1Y3yilS7uhUJXoPBE/T2RgC/lyPd0pw9qIOe9VPzPa8Wqd+EmLIhiRQMy/agXc6xCnEaDu0xQovhIEyCC6V0xGYAAonSAWR2CPX/yIqmXina5WL47y1UuZ3Fk0CE6Qnlko3NUQdeoimqIoEf0jF7Rm/FkvBjvxse0dcmYzRygPzA+fwDZDJrM</latexit>

OL(@,⇡
2)�2

<latexit sha1_base64="uYeeQW4sdb+qE5AbAy/e/jNf09w=">AAACC3icbVC7SgNBFJ2Nrxhfq5Y2Q4IQIYTdINEyaGNnFPOAbAx3J5NkyOyDmVkhLOlt/BUbC0Vs/QE7/8bZZAtNPHDhcM69M/ceN+RMKsv6NjIrq2vrG9nN3Nb2zu6euX/QlEEkCG2QgAei7YKknPm0oZjitB0KCp7LacsdXyZ+64EKyQL/Tk1C2vVg6LMBI6C01DPzsUOA4+tp77bohCAUA15yQnbilBzJhh7cV3pmwSpbM+BlYqekgFLUe+aX0w9I5FFfEQ5SdmwrVN04eZxwOs05kaQhkDEMaUdTHzwqu/Hslik+1kofDwKhy1d4pv6eiMGTcuK5utMDNZKLXiL+53UiNTjvxswPI0V9Mv9oEHGsApwEg/tMUKL4RBMgguldMRmBAKJ0fDkdgr148jJpVsp2tVy9OS3ULtI4sugI5VER2egM1dAVqqMGIugRPaNX9GY8GS/Gu/Exb80Y6cwh+gPj8wema5ou</latexit>

OR(@,⇡)�
2

<latexit sha1_base64="Y6KkyTquNHL6GwCB87gjLKnzy94="></latexit>

OL(@,⇡
2)

1

⌘2r2 +m2
OR(@,⇡)

<latexit sha1_base64="eo9HggeRBuraumiy7MefJfBMDxo="></latexit>

OL(@,⇡
2)

Z 1

0
dx log

✓
m2

� x(1� x)⌘2r2

m2 + x(1� x)µ2/3

◆
OR(@,⇡)


