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<latexit sha1_base64="/L2X5YCJi+YT2LcIHIr8SKgoD74="></latexit>
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<latexit sha1_base64="cbiB/VKXFVvSUlupc7T7B1P6/dw="></latexit>
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vertex/couplings

Propagator: 

on-shell recursion/gluing

External particles: 

helicity spinors

๏Amplitude is related to the physical observables, building 

from external physical states.
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vertex/couplings

Propagator: 

on-shell recursion/gluing

External particles: 

helicity spinors

๏Amplitude is related to the physical observables, building 

from external physical states. 

๏What independent amplitudes are allowed by Lorentz 

invariance, little-group covariance, locality, and symmetry?  



๏The momentum is invariant under the transformation. 

๏The little-group U(1) transformation can be understood as a rotation around the direction 

of motion. 

๏A spin-s massless particle can be built from 2s helicity spinors 

๏The spinor structure must have the correct little-group weight for the external particles.  
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Massless particle

<latexit sha1_base64="pObsMvuvf37Hfya8rbHn2B+MHxo="></latexit>

p↵↵̇ ⌘ piµ�
µ
↵↵̇ = ii↵[i↵̇

<latexit sha1_base64="mlj5aHCGlhxkF1oFEyPkC1Xvtbk=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mKVC9C0YvHCvYD2lA22027dLMJu5tCCfknXjwo4tV/4s1/46bNQVsfDDzem2Fmnh9zprTjfFuljc2t7Z3ybmVv/+DwyD4+6agokYS2ScQj2fOxopwJ2tZMc9qLJcWhz2nXn97nfndGpWKReNLzmHohHgsWMIK1kYa2jSboFg0CiUnqZmk9G9pVp+YsgNaJW5AqFGgN7a/BKCJJSIUmHCvVd51YeymWmhFOs8ogUTTGZIrHtG+owCFVXrq4PEMXRhmhIJKmhEYL9fdEikOl5qFvOkOsJ2rVy8X/vH6igxsvZSJONBVkuShIONIRymNAIyYp0XxuCCaSmVsRmWCTgjZhVUwI7urL66RTr7mNWuPxqtq8K+IowxmcwyW4cA1NeIAWtIHADJ7hFd6s1Hqx3q2PZWvJKmZO4Q+szx8Gv5Km</latexit>

h =
1

2

<latexit sha1_base64="N2jFjJZtph0NtJPAnv2ZZfDEEs4=">AAAB+nicbVBNS8NAEJ34WetXqkcvi0XwYkmKVC9C0YvHCvYD2lA22027dLMJuxulxPwULx4U8eov8ea/cdvmoK0PBh7vzTAzz485U9pxvq2V1bX1jc3CVnF7Z3dv3y4dtFSUSEKbJOKR7PhYUc4EbWqmOe3EkuLQ57Ttj2+mfvuBSsUica8nMfVCPBQsYARrI/XtEhqhK3TWCyQmqZul1axvl52KMwNaJm5OypCj0be/eoOIJCEVmnCsVNd1Yu2lWGpGOM2KvUTRGJMxHtKuoQKHVHnp7PQMnRhlgIJImhIazdTfEykOlZqEvukMsR6pRW8q/ud1Ex1ceikTcaKpIPNFQcKRjtA0BzRgkhLNJ4ZgIpm5FZERNilok1bRhOAuvrxMWtWKW6vU7s7L9es8jgIcwTGcggsXUIdbaEATCDzCM7zCm/VkvVjv1se8dcXKZw7hD6zPH3MIkt0=</latexit>

h = �1

2

<latexit sha1_base64="QCOUzc7y8SbiSpCNFEPBU+SkUb4="></latexit>

ii ! e+i�/2ii, i] ! e�i�/2i]

rank-1

<latexit sha1_base64="mCDtGC+T1oPPXYhWXxIMDXOP9io="></latexit>

p2i = det(piµ�
µ
↵↵̇) = 0
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Massless 3-point amplitudes

๏The combination of little group scaling and locality uniquely fixes the 

massless 3-pt amplitudes structure. In terms of complex momenta,

One example: massless fermion + massless photon
<latexit sha1_base64="NCXBFXfVNZuC+jf26I+iHuyjvpA="></latexit>

A3(1
+
f 2�

f̄
3+� ) = e

[13]2

[12]
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Massive particle

<latexit sha1_base64="zAzFt45XrtPS7R7eHlTrXutQbQ4="></latexit>

pi · pi = det(piµ�
µ
↵↵̇) = m2

๏For massive particles, the little group becomes SU(2):

๏For spin-s particle, need 2s symmetrized spinors, the spinors associated with massive 

particles are bolded, to imply symmetrization over little-group indices 

<latexit sha1_base64="Nl+1q2fhw9jiUdLSKrAa5clX4vA="></latexit>

iJ ] ⌘ i], iJi ⌘ ii

<latexit sha1_base64="ZyMsIDviPHcAWXgU9i6gkCMnoOQ=">AAACL3icbVDLSsNAFJ34rPUVdelmsAi6KUmR6kYoulFXFewDmhgmk0k7dPJgZiKWkP/wN/wBt/oH4kZcCf6FkzYL23phmMM593LPPW7MqJCG8aEtLC4tr6yW1srrG5tb2/rObltECcekhSMW8a6LBGE0JC1JJSPdmBMUuIx03OFlrnceCBc0Cu/kKCZ2gPoh9SlGUlGOXms7FJ5DaLkR88QoUF9Ks+P71Eqvs3n2xsoyR68YVWNccB6YBaiAopqO/m15EU4CEkrMkBA904ilnSIuKWYkK1uJIDHCQ9QnPQVDFBBhp+PbMnioGA/6EVcvlHDM/p1IUSByh6ozQHIgZrWc/E/rJdI/s1MaxokkIZ4s8hMGZQTzoKBHOcGSjRRAmFPlFeIB4ghLFefUlseJ1bIKxpyNYR60a1WzXq3fnlQaF0VEJbAPDsARMMEpaIAr0AQtgMETeAGv4E171t61T+1r0rqgFTN7YKq0n1/46ao0</latexit>

Vi = i){Ii)J}

<latexit sha1_base64="EFeL+A6O74JqrB+AelK1QBXSrPc="></latexit>

V +
i = i)1i)1, V �

i = i)2i)2, V 0
i =

i)1i)2 + i)2i)1p
2

<latexit sha1_base64="IoXXAwNLQIsfHXWdC28sa4MIyIc=">AAACEXicbVDLSgMxFM3UV62v8bFzEyxCBSkzItWNUBTBZQX7gHYsmTRtQ5PMkGTEOvQr/AG3+gfuxK1f4A/4HabTWdjWQwKHc+7lHo4fMqq043xbmYXFpeWV7GpubX1jc8ve3qmpIJKYVHHAAtnwkSKMClLVVDPSCCVB3Gek7g+uxn79gUhFA3GnhyHxOOoJ2qUYaSO17b3wvsUjeAEL18fQSV7lqG3nnaKTAM4TNyV5kKLStn9anQBHnAiNGVKq6Tqh9mIkNcWMjHKtSJEQ4QHqkaahAnGivDhJP4KHRunAbiDNFxom6t+NGHGlhtw3kxzpvpr1xuJ/XjPS3XMvpiKMNBF4cqgbMagDOK4CdqgkWLOhIQhLarJC3EcSYW0Km7ryOImaM8W4szXMk9pJ0S0VS7en+fJlWlEW7IMDUAAuOANlcAMqoAoweAIv4BW8Wc/Wu/VhfU5GM1a6swumYH39Aj4Tmrc=</latexit>

pµ = (E, 0, 0, P )

<latexit sha1_base64="fnKzii08xNCVsAMyJOoE8bGrqAM=">AAACKXicbVDLSsNAFJ3UV62vqEs3g0WoWEpSpLoRiiK4rGAf0MQymU7aoZMHMxOxhPyEv+EPuNU/cKduBb/DaZqFbT3MwOGce7n3HidkVEjD+NRyS8srq2v59cLG5tb2jr671xJBxDFp4oAFvOMgQRj1SVNSyUgn5AR5DiNtZ3Q18dsPhAsa+HdyHBLbQwOfuhQjqaSeXh7dW14EL2DJcjnC8fVJI4mrSRka6ZsRj3t60agYKeAiMTNSBBkaPf3H6gc48ogvMUNCdE0jlHaMuKSYkaRgRYKECI/QgHQV9ZFHhB2nVyXwSCl96AZcfV/CVP3bESNPiLHnqEoPyaGY9ybif143ku65HVM/jCTx8XSQGzEoAziJCPYpJ1iysSIIc6p2hXiIVBBSBTkz5XG6akEFY87HsEha1YpZq9RuT4v1yyyiPDgAh6AETHAG6uAGNEATYPAEXsAreNOetXftQ/ualua0rGcfzED7/gU2taTB</latexit>

kµ = (
E + P

2
, 0, 0,

E + P

2
)

<latexit sha1_base64="wzW3xbIzlBDN2oSp5lW+EV5sXZs=">AAACKnicbVDLSsNAFJ34rPUVdelmsAgVbEmKVDdCUQSXFewDmlgm00k7dPJwZiKWkK/wN/wBt/oH7opb8TucplnY1sMMHM65l3vvcUJGhTSMsba0vLK6tp7byG9ube/s6nv7TRFEHJMGDljA2w4ShFGfNCSVjLRDTpDnMNJyhtcTv/VEuKCBfy9HIbE91PepSzGSSurqpccHy4vgJSxaLkc4vinVk7iSnEIjfaUZ9aSrF4yykQIuEjMjBZCh3tV/rF6AI4/4EjMkRMc0QmnHiEuKGUnyViRIiPAQ9UlHUR95RNhxelYCj5XSg27A1fclTNW/HTHyhBh5jqr0kByIeW8i/ud1Iule2DH1w0gSH08HuRGDMoCTjGCPcoIlGymCMKdqV4gHSAUhVZIzU56nq+ZVMOZ8DIukWSmb1XL17qxQu8oiyoFDcASKwATnoAZuQR00AAYv4A28gw/tVfvUxtrXtHRJy3oOwAy071/AVqUC</latexit>

qµ = (
E � P

2
, 0, 0,�E � P

2
)

<latexit sha1_base64="uqPsdk4kNhks3gMJ9Qo4SuVk3sI=">AAACEnicbVDLSsNAFJ34rPUVFVduBosgCCURqW6EohuXFewD2lgm00k7dGYSZyZiCf0Lf8Ct/oE7cesP+AN+h5M0C9t64HIP597LPRw/YlRpx/m2FhaXlldWC2vF9Y3NrW17Z7ehwlhiUschC2XLR4owKkhdU81IK5IEcZ+Rpj+8TufNRyIVDcWdHkXE46gvaEAx0kbq2vvRfYfH8BIOs34CH9LetUtO2ckA54mbkxLIUevaP51eiGNOhMYMKdV2nUh7CZKaYkbGxU6sSITwEPVJ21CBOFFektkfwyOj9GAQSlNCw0z9e5EgrtSI+2aTIz1Qs7NU/G/WjnVw4SVURLEmAk8eBTGDOoRpFrBHJcGajQxBWFLjFeIBkghrk9jUl6eJ1aIJxp2NYZ40TstupVy5PStVr/KICuAAHIJj4IJzUAU3oAbqAIMEvIBX8GY9W+/Wh/U5WV2w8ps9MAXr6xcsc50W</latexit>

pµ = kµ + qµ

<latexit sha1_base64="JXXDYXGtdbILZzRF3F3ytfWSEV0=">AAACNnicbVDLSgMxFM3UV62vUZdugkVwVWaKVF0IRTcuK9gHtHW4k6ZtaCYzJBmxDP0Wf8MfcKtrN+7UrZ9g2umiDw8EDuecy705fsSZ0o7zYWVWVtfWN7Kbua3tnd09e/+gpsJYElolIQ9lwwdFORO0qpnmtBFJCoHPad0f3Iz9+iOVioXiXg8j2g6gJ1iXEdBG8uzLgZe0gEd9aHVCnbIRvsKYPRRbEkSPUy9Vm8xLijMhz847BWcCvEzcKcmjKSqe/W2mSRxQoQkHpZquE+l2AlIzwuko14oVjYAMoEebhgoIqGonky+O8IlROrgbSvOExhN1diKBQKlh4JtkALqvFr2x+J/XjHX3op0wEcWaCpIu6sYc6xCP+8IdJinRfGgIEMnMrZj0QQLRptW5LU/pqTlTjLtYwzKpFQtuqVC6O8uXr6cVZdEROkanyEXnqIxuUQVVEUHP6BW9oXfrxfq0vqyfNJqxpjOHaA7W7x/RBa0d</latexit>

k↵↵̇ = i2i↵[i2↵̇
<latexit sha1_base64="L2rLCIiO3EiDkKJfmMz6As9vUAM=">AAACNnicbVDLSgMxFM3UV62vUZdugkVwVWZEqi6EohuXFewD2jrcSdM2NJMZk4xYhn6Lv+EPuNW1G3fq1k8w7XTRhwcCh3PO5d4cP+JMacf5sDJLyyura9n13Mbm1vaOvbtXVWEsCa2QkIey7oOinAla0UxzWo8khcDntOb3r0d+7ZFKxUJxpwcRbQXQFazDCGgjefbFg5c0gUc9aLZDnbIhvsSY3btNCaLLqZeqDeYl7lTIs/NOwRkDLxJ3QvJogrJnf5tpEgdUaMJBqYbrRLqVgNSMcDrMNWNFIyB96NKGoQICqlrJ+ItDfGSUNu6E0jyh8VidnkggUGoQ+CYZgO6peW8k/uc1Yt05byVMRLGmgqSLOjHHOsSjvnCbSUo0HxgCRDJzKyY9kEC0aXVmy1N6as4U487XsEiqJwW3WCjenuZLV5OKsugAHaJj5KIzVEI3qIwqiKBn9Ire0Lv1Yn1aX9ZPGs1Yk5l9NAPr9w/YjK0h</latexit>

q↵↵̇ = i1i↵[i1↵̇

<latexit sha1_base64="jhbf34ux079FfHyqTYId6KlJbYs="></latexit>

p↵↵̇ = iJi↵[iJ↵̇ = i1i↵[i1↵̇ + i2i↵[i2↵̇

[Arkani-Hamed, Huang, Huang, 1709.04891]

<latexit sha1_base64="IHDgl/otJ9Vkjg2il2lJl/T9VnA="></latexit>

i2i, i1] ⌘ ki, k] /
p
E

<latexit sha1_base64="ZoxKw9FmstJEIevlQRz3t/ERarc="></latexit>

i1i, i2] ⌘ qi, q] / m/
p
E
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Massive 3-point amplitudes

One example

<latexit sha1_base64="Ox/94btb4J2DkCh9wYajodoEU+s="></latexit>

N3(s1, s2, s3) =
s3+s2X

s=s3�s2

s+s1X

m=|s�s1|

1 = (2s1 + 1)(2s2 + 1)� p(1 + p), p = max(0, s1 + s2 � s3)

<latexit sha1_base64="1kgW/F6PIdgGA3GiXpAKoUFL6xY=">AAACB3icbVBLTsMwFHwpv1J+BZZsLCokVlWCUGFZwYZlkehHNKFyXKe16jiR7SCqqAfgAmzhBuwQW47BBTgHTpsFbRnJ1mjmPb3R+DFnStv2t1VYWV1b3yhulra2d3b3yvsHLRUlktAmiXgkOz5WlDNBm5ppTjuxpDj0OW37o+vMbz9SqVgk7vQ4pl6IB4IFjGBtJNeNFXsg2Y/ue+WKXbWnQMvEyUkFcjR65R+3H5EkpEITjpXqOnasvRRLzQink5KbKBpjMsID2jVU4JAqL51mnqATo/RREEnzhEZT9e9GikOlxqFvJkOsh2rRy8T/vG6ig0svZSJONBVkdihIONIRygpAfSYp0XxsCCaSmayIDLHERJua5q48zaKWTDHOYg3LpHVWdWrV2u15pX6VV1SEIziGU3DgAupwAw1oAoEYXuAV3qxn6936sD5nowUr3zmEOVhfv0Blmg4=</latexit>

 c Z

๏Helicity is not a good quantum number, instead, each particle is a spin-s SU(2) multiplet.  

๏The number of independent structures can be obtained by irreducible representations in the 

addition of the three spins. 

๏All EW massive 3-pt amplitudes are given in [Durieux, Kitahara, Shadmi, Weiss, 1909.10551]   
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Dimension

<latexit sha1_base64="2Us8/TJCVA5CZBTbSUCscIInuFg=">AAACFHicbVDLSgMxFL3js9ZX1YULN8EiuLHMSKluhKoblxXsA6ZDyaRpG5rJDElGLMP8hj/gVv/Anbh17w/4HabtLGzrgcDhnHu5J8ePOFPatr+tpeWV1bX13EZ+c2t7Z7ewt99QYSwJrZOQh7LlY0U5E7Sumea0FUmKA5/Tpj+8HfvNRyoVC8WDHkXUC3BfsB4jWBupUzjsuu0A6wHBPLlOO8JDV6iMzoxTtEv2BGiROBkpQoZap/DT7oYkDqjQhGOlXMeOtJdgqRnhNM23Y0UjTIa4T11DBQ6o8pLJB1J0YpQu6oXSPKHRRP27keBAqVHgm8lxWDXvjcX/PDfWvUsvYSKKNRVkeqgXc6RDNG4DdZmkRPORIZhIZrIiMsASE206m7nyNI2aN8U48zUsksZ5yamUKvflYvUmqygHR3AMp+DABVThDmpQBwIpvMArvFnP1rv1YX1OR5esbOcAZmB9/QK7lZ3m</latexit>

d[An] = 4� n

Dimension of an n-pt amplitude

<latexit sha1_base64="ftdXAHAM17cX2eu4ocdSSjrA9WA=">AAACLHicbVDLSsNAFJ34rPUVdelmsAiCUBOR6kaounFZ0T4gDWEymbZDJ5MwMxFL6Gf4G/6AW/0DNyJu+x1O2oC29cDA4Zx7uWeOHzMqlWV9GguLS8srq4W14vrG5ta2ubPbkFEiMKnjiEWi5SNJGOWkrqhipBULgkKfkabfv8n85iMRkkb8QQ1i4oaoy2mHYqS05JkngdMOkephxNKrocddCC8hDByc0WMYwF/7PrM9s2SVrTHgPLFzUgI5ap45agcRTkLCFWZISse2YuWmSCiKGRkW24kkMcJ91CWOphyFRLrp+GNDeKiVAHYioR9XcKz+3UhRKOUg9PVkllLOepn4n+ckqnPhppTHiSIcTw51EgZVBLOWYEAFwYoNNEFYUJ0V4h4SCCvd5dSVp0nUoi7Gnq1hnjROy3alXLk7K1Wv84oKYB8cgCNgg3NQBbegBuoAg2fwCt7Au/FifBhfxvdkdMHId/bAFIzRD/w6p2g=</latexit>

d[An] = d[cn] + d[Sn]

<latexit sha1_base64="Zmg+WyA3cdk9qArST8qMxpOnk9Q=">AAACHXicbVDLSgMxFL3js9ZX1aWbYBFclRmR6kaounFZ0T6gHYZMmmlDM5khyYhl6Nbf8Afc6h+4E7fiD/gdZtoitvVA4HDOvdyT48ecKW3bX9bC4tLyympuLb++sbm1XdjZrasokYTWSMQj2fSxopwJWtNMc9qMJcWhz2nD719lfuOeSsUicacHMXVD3BUsYARrI3kF1A6x7hHM04uhJ9A5Ip74lW6N5BWKdskeAc0TZ0KKMEHVK3y3OxFJQio04ViplmPH2k2x1IxwOsy3E0VjTPq4S1uGChxS5aajnwzRoVE6KIikeUKjkfp3I8WhUoPQN5NZSDXrZeJ/XivRwZmbMhEnmgoyPhQkHOkIZbWgDpOUaD4wBBPJTFZEelhiok15U1cexlHzphhntoZ5Uj8uOeVS+eakWLmcVJSDfTiAI3DgFCpwDVWoAYFHeIYXeLWerDfr3foYjy5Yk509mIL1+QN+26Kz</latexit>

An = cnSn
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<latexit sha1_base64="2Us8/TJCVA5CZBTbSUCscIInuFg=">AAACFHicbVDLSgMxFL3js9ZX1YULN8EiuLHMSKluhKoblxXsA6ZDyaRpG5rJDElGLMP8hj/gVv/Anbh17w/4HabtLGzrgcDhnHu5J8ePOFPatr+tpeWV1bX13EZ+c2t7Z7ewt99QYSwJrZOQh7LlY0U5E7Sumea0FUmKA5/Tpj+8HfvNRyoVC8WDHkXUC3BfsB4jWBupUzjsuu0A6wHBPLlOO8JDV6iMzoxTtEv2BGiROBkpQoZap/DT7oYkDqjQhGOlXMeOtJdgqRnhNM23Y0UjTIa4T11DBQ6o8pLJB1J0YpQu6oXSPKHRRP27keBAqVHgm8lxWDXvjcX/PDfWvUsvYSKKNRVkeqgXc6RDNG4DdZmkRPORIZhIZrIiMsASE206m7nyNI2aN8U48zUsksZ5yamUKvflYvUmqygHR3AMp+DABVThDmpQBwIpvMArvFnP1rv1YX1OR5esbOcAZmB9/QK7lZ3m</latexit>

d[An] = 4� n

Dimension of an n-pt amplitude

Dimension of the operator

<latexit sha1_base64="ftdXAHAM17cX2eu4ocdSSjrA9WA=">AAACLHicbVDLSsNAFJ34rPUVdelmsAiCUBOR6kaounFZ0T4gDWEymbZDJ5MwMxFL6Gf4G/6AW/0DNyJu+x1O2oC29cDA4Zx7uWeOHzMqlWV9GguLS8srq4W14vrG5ta2ubPbkFEiMKnjiEWi5SNJGOWkrqhipBULgkKfkabfv8n85iMRkkb8QQ1i4oaoy2mHYqS05JkngdMOkephxNKrocddCC8hDByc0WMYwF/7PrM9s2SVrTHgPLFzUgI5ap45agcRTkLCFWZISse2YuWmSCiKGRkW24kkMcJ91CWOphyFRLrp+GNDeKiVAHYioR9XcKz+3UhRKOUg9PVkllLOepn4n+ckqnPhppTHiSIcTw51EgZVBLOWYEAFwYoNNEFYUJ0V4h4SCCvd5dSVp0nUoi7Gnq1hnjROy3alXLk7K1Wv84oKYB8cgCNgg3NQBbegBuoAg2fwCt7Au/FifBhfxvdkdMHId/bAFIzRD/w6p2g=</latexit>

d[An] = d[cn] + d[Sn]

<latexit sha1_base64="18qWWAb+30UUtdizQEk93eEd5+w=">AAACMXicbVDLSsNAFJ3UV62vqks3g0UQxJJIqW6Eoht3VrQPSEOYTKbt0MkkzEzEEvoj/oY/4Fb/oDtx4cafcNJm0YcHBs49917umeNFjEplmmMjt7K6tr6R3yxsbe/s7hX3D5oyjAUmDRyyULQ9JAmjnDQUVYy0I0FQ4DHS8ga3ab/1TISkIX9Sw4g4Aepx2qUYKS25xYoP7U6AVB8jltyPHHgNK/Ac+jZ2eVpweAZnRx5HWneLJbNsTgCXiZWREshQd4s/HT/EcUC4wgxJaVtmpJwECUUxI6NCJ5YkQniAesTWlKOASCeZ/G4ET7Tiw24o9OMKTtTZjQQFUg4DT0+mLuViLxX/69mx6l45CeVRrAjH00PdmEEVwjQq6FNBsGJDTRAWVHuFuI8EwkoHOnflZWq1oIOxFmNYJs2LslUtVx8qpdpNFlEeHIFjcAoscAlq4A7UQQNg8ArewQf4NN6MsfFlfE9Hc0a2cwjmYPz+Af3oqEc=</latexit>

d[O] = 4� d[cn] = n+ d[Sn]

<latexit sha1_base64="Zmg+WyA3cdk9qArST8qMxpOnk9Q=">AAACHXicbVDLSgMxFL3js9ZX1aWbYBFclRmR6kaounFZ0T6gHYZMmmlDM5khyYhl6Nbf8Afc6h+4E7fiD/gdZtoitvVA4HDOvdyT48ecKW3bX9bC4tLyympuLb++sbm1XdjZrasokYTWSMQj2fSxopwJWtNMc9qMJcWhz2nD719lfuOeSsUicacHMXVD3BUsYARrI3kF1A6x7hHM04uhJ9A5Ip74lW6N5BWKdskeAc0TZ0KKMEHVK3y3OxFJQio04ViplmPH2k2x1IxwOsy3E0VjTPq4S1uGChxS5aajnwzRoVE6KIikeUKjkfp3I8WhUoPQN5NZSDXrZeJ/XivRwZmbMhEnmgoyPhQkHOkIZbWgDpOUaD4wBBPJTFZEelhiok15U1cexlHzphhntoZ5Uj8uOeVS+eakWLmcVJSDfTiAI3DgFCpwDVWoAYFHeIYXeLWerDfr3foYjy5Yk509mIL1+QN+26Kz</latexit>

An = cnSn

Dimension
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The minimal operator dimension

<latexit sha1_base64="2Us8/TJCVA5CZBTbSUCscIInuFg=">AAACFHicbVDLSgMxFL3js9ZX1YULN8EiuLHMSKluhKoblxXsA6ZDyaRpG5rJDElGLMP8hj/gVv/Anbh17w/4HabtLGzrgcDhnHu5J8ePOFPatr+tpeWV1bX13EZ+c2t7Z7ewt99QYSwJrZOQh7LlY0U5E7Sumea0FUmKA5/Tpj+8HfvNRyoVC8WDHkXUC3BfsB4jWBupUzjsuu0A6wHBPLlOO8JDV6iMzoxTtEv2BGiROBkpQoZap/DT7oYkDqjQhGOlXMeOtJdgqRnhNM23Y0UjTIa4T11DBQ6o8pLJB1J0YpQu6oXSPKHRRP27keBAqVHgm8lxWDXvjcX/PDfWvUsvYSKKNRVkeqgXc6RDNG4DdZmkRPORIZhIZrIiMsASE206m7nyNI2aN8U48zUsksZ5yamUKvflYvUmqygHR3AMp+DABVThDmpQBwIpvMArvFnP1rv1YX1OR5esbOcAZmB9/QK7lZ3m</latexit>

d[An] = 4� n

The minimum spinor dimension

For non-factorizable amplitude

<latexit sha1_base64="vTWJ1sAPJg8vqZv3fD4bqCbtmcc=">AAACG3icbVDLSgMxFM3UV62vUZeCBIsgiGWm1uqy6MZlBfuAdjpk0kwbmskMSUYspTt/wx9wq3/gTty68Af8DjPtLGzrgRwO597LvTlexKhUlvVtZJaWV1bXsuu5jc2t7R1zd68uw1hgUsMhC0XTQ5IwyklNUcVIMxIEBR4jDW9wk9QbD0RIGvJ7NYyIE6Aepz7FSGnLNQ/9zqlrJ1RM6NzvnLmlhC4SKrtm3ipYE8BFYaciD1JUXfOn3Q1xHBCuMENStmwrUs4ICUUxI+NcO5YkQniAeqSlJUcBkc5o8o8xPNZOF/qh0I8rOHH/ToxQIOUw8HRngFRfztcS879aK1b+lTOiPIoV4Xi6yI8ZVCFMQoFdKghWbKgFwoLqWyHuI4Gw0tHNbHmcnprTwdjzMSyKerFglwvlu1K+cp1GlAUH4AicABtcggq4BVVQAxg8gRfwCt6MZ+Pd+DA+p60ZI53ZBzMwvn4B9kafdw==</latexit>

f+
1 f+

2 f+
3 f�

4 f�
5 f�

6

<latexit sha1_base64="zT1kM23ln2wOoHEw/R+S72xA2A8=">AAACHHicbZDLSsNAFIYn9VbrLerShYNFcFWSWqvLohuXFewFklAm00k7dDIJMxOxhC59DV/Arb6BO3Er+AI+h9M0C9v6w8DHf87hnPn9mFGpLOvbKKysrq1vFDdLW9s7u3vm/kFbRonApIUjFomujyRhlJOWooqRbiwICn1GOv7oZlrvPBAhacTv1TgmXogGnAYUI6Wtnnns2FXPZYgPGLmouyID5zyu5dgzy1bFygSXwc6hDHI1e+aP249wEhKuMENSOrYVKy9FQlHMyKTkJpLECI/QgDgaOQqJ9NLsIxN4qp0+DCKhH1cwc/9OpCiUchz6ujNEaigXa1Pzv5qTqODKSymPE0U4ni0KEgZVBKepwD4VBCs21oCwoPpWiIdIIKx0dnNbHmenlnQw9mIMy9CuVux6pX5XKzeu84iK4AicgDNgg0vQALegCVoAgyfwAl7Bm/FsvBsfxuestWDkM4dgTsbXL57HoaM=</latexit>

[12]h56i[3p4i

<latexit sha1_base64="9NEqasRoS7FsS9oXkKKlKU2xJVI=">AAACEXicbVDLTsJAFJ3iC/FVHzs3E4mJiYG0SNAl0Y1LTKSQQGmmwxQmTB+ZmRqx4Sv8Abf6B+6MW7/AH/A7nEIXAp5kJifn3Jt7ctyIUSEN41vLrayurW/kNwtb2zu7e/r+gSXCmGPSxCELedtFgjAakKakkpF2xAnyXUZa7ugm9VsPhAsaBvdyHBHbR4OAehQjqSRHP7Ics3duOZX0u+iVLKfaKzl60SgbU8BlYmakCDI0HP2n2w9x7JNAYoaE6JhGJO0EcUkxI5NCNxYkQniEBqSjaIB8Iuxkmn4CT5XSh17I1QsknKp/NxLkCzH2XTXpIzkUi14q/ud1Yuld2QkNoliSAM8OeTGDMoRpFbBPOcGSjRVBmFOVFeIh4ghLVdjclcdZ1IIqxlysYZlYlbJZK9fuqsX6dVZRHhyDE3AGTHAJ6uAWNEATYPAEXsAreNOetXftQ/ucjea0bOcQzEH7+gX3nJvK</latexit>

V +
1 V +

2 V �
3 V �

4

<latexit sha1_base64="YHcAIhxgHqQ5TNhrUC2RgCESc8E=">AAACFXicbZDLSsNAFIYnXmu9Rd0IbgaL4KoksVSXRTcuK9gLpGmZTCft0MkkzEzEEupr+AJu9Q3ciVvXvoDP4TTNwrb+MPDxn3M4Z34/ZlQqy/o2VlbX1jc2C1vF7Z3dvX3z4LApo0Rg0sARi0TbR5IwyklDUcVIOxYEhT4jLX90M623HoiQNOL3ahwTL0QDTgOKkdJWzzx2bcfrOh2G+ICRi0pHZNB1embJKluZ4DLYOZRArnrP/On0I5yEhCvMkJSubcXKS5FQFDMyKXYSSWKER2hAXI0chUR6afaDCTzTTh8GkdCPK5i5fydSFEo5Dn3dGSI1lIu1qflfzU1UcOWllMeJIhzPFgUJgyqC0zhgnwqCFRtrQFhQfSvEQyQQVjq0uS2Ps1OLOhh7MYZlaDplu1qu3lVKtes8ogI4AafgHNjgEtTALaiDBsDgCbyAV/BmPBvvxofxOWtdMfKZIzAn4+sXrJuecg==</latexit>

[12]2h34i2

Dimension of an n-pt amplitude

Dimension of the operator

<latexit sha1_base64="ftdXAHAM17cX2eu4ocdSSjrA9WA=">AAACLHicbVDLSsNAFJ34rPUVdelmsAiCUBOR6kaounFZ0T4gDWEymbZDJ5MwMxFL6Gf4G/6AW/0DNyJu+x1O2oC29cDA4Zx7uWeOHzMqlWV9GguLS8srq4W14vrG5ta2ubPbkFEiMKnjiEWi5SNJGOWkrqhipBULgkKfkabfv8n85iMRkkb8QQ1i4oaoy2mHYqS05JkngdMOkephxNKrocddCC8hDByc0WMYwF/7PrM9s2SVrTHgPLFzUgI5ap45agcRTkLCFWZISse2YuWmSCiKGRkW24kkMcJ91CWOphyFRLrp+GNDeKiVAHYioR9XcKz+3UhRKOUg9PVkllLOepn4n+ckqnPhppTHiSIcTw51EgZVBLOWYEAFwYoNNEFYUJ0V4h4SCCvd5dSVp0nUoi7Gnq1hnjROy3alXLk7K1Wv84oKYB8cgCNgg3NQBbegBuoAg2fwCt7Au/FifBhfxvdkdMHId/bAFIzRD/w6p2g=</latexit>

d[An] = d[cn] + d[Sn]

<latexit sha1_base64="18qWWAb+30UUtdizQEk93eEd5+w=">AAACMXicbVDLSsNAFJ3UV62vqks3g0UQxJJIqW6Eoht3VrQPSEOYTKbt0MkkzEzEEvoj/oY/4Fb/oDtx4cafcNJm0YcHBs49917umeNFjEplmmMjt7K6tr6R3yxsbe/s7hX3D5oyjAUmDRyyULQ9JAmjnDQUVYy0I0FQ4DHS8ga3ab/1TISkIX9Sw4g4Aepx2qUYKS25xYoP7U6AVB8jltyPHHgNK/Ac+jZ2eVpweAZnRx5HWneLJbNsTgCXiZWREshQd4s/HT/EcUC4wgxJaVtmpJwECUUxI6NCJ5YkQniAesTWlKOASCeZ/G4ET7Tiw24o9OMKTtTZjQQFUg4DT0+mLuViLxX/69mx6l45CeVRrAjH00PdmEEVwjQq6FNBsGJDTRAWVHuFuI8EwkoHOnflZWq1oIOxFmNYJs2LslUtVx8qpdpNFlEeHIFjcAoscAlq4A7UQQNg8ArewQf4NN6MsfFlfE9Hc0a2cwjmYPz+Af3oqEc=</latexit>

d[O] = 4� d[cn] = n+ d[Sn]

<latexit sha1_base64="Zmg+WyA3cdk9qArST8qMxpOnk9Q=">AAACHXicbVDLSgMxFL3js9ZX1aWbYBFclRmR6kaounFZ0T6gHYZMmmlDM5khyYhl6Nbf8Afc6h+4E7fiD/gdZtoitvVA4HDOvdyT48ecKW3bX9bC4tLyympuLb++sbm1XdjZrasokYTWSMQj2fSxopwJWtNMc9qMJcWhz2nD719lfuOeSsUicacHMXVD3BUsYARrI3kF1A6x7hHM04uhJ9A5Ip74lW6N5BWKdskeAc0TZ0KKMEHVK3y3OxFJQio04ViplmPH2k2x1IxwOsy3E0VjTPq4S1uGChxS5aajnwzRoVE6KIikeUKjkfp3I8WhUoPQN5NZSDXrZeJ/XivRwZmbMhEnmgoyPhQkHOkIZbWgDpOUaD4wBBPJTFZEelhiok15U1cexlHzphhntoZ5Uj8uOeVS+eakWLmcVJSDfTiAI3DgFCpwDVWoAYFHeIYXeLWerDfr3foYjy5Yk509mIL1+QN+26Kz</latexit>

An = cnSn

Dimension

<latexit sha1_base64="M3YcfKplrHbgeIJxLZ2sQ6vHBUU="></latexit>

d[Sn] =
X

h

|hi|+ np,ins.

<latexit sha1_base64="62vYnppEKAICgM8eISzbWf24Egc=">AAACGHicbVDLSsNAFJ34rPUVddnNYBEEoSRSajdC0Y07K9gHpKFMJpN26GQSZiZiCV34G/6AW/0Dd+LWnT/gdzhps7CtBy4czrmXe+/xYkalsqxvY2V1bX1js7BV3N7Z3ds3Dw7bMkoEJi0csUh0PSQJo5y0FFWMdGNBUOgx0vFG15nfeSBC0ojfq3FM3BANOA0oRkpLfbPkO70QqSFGLL2duPASVuGZLk3qfbNsVawp4DKxc1IGOZp986fnRzgJCVeYISkd24qVmyKhKGZkUuwlksQIj9CAOJpyFBLpptMnJvBEKz4MIqGLKzhV/06kKJRyHHq6MztYLnqZ+J/nJCqouynlcaIIx7NFQcKgimCWCPSpIFixsSYIC6pvhXiIBMJK5za35XF2alEHYy/GsEza5xW7VqndVcuNqzyiAiiBY3AKbHABGuAGNEELYPAEXsAreDOejXfjw/icta4Y+cwRmIPx9QthQZ4I</latexit>

d[O] = 4 + 4 = 8

<latexit sha1_base64="Gt25t0Kc6Ldk70X7kYVZel8Zhqc=">AAACHHicbVDLSsNAFJ3UV62vqEsXDhZBEEqiUt0IRTfurGAfkIYymUzaoZNJmJmIJXTpb/gDbvUP3IlbwR/wO5y0WdjWAxcO59zLvfd4MaNSWda3UVhYXFpeKa6W1tY3NrfM7Z2mjBKBSQNHLBJtD0nCKCcNRRUj7VgQFHqMtLzBdea3HoiQNOL3ahgTN0Q9TgOKkdJS19z3nU6IVB8jlt6OXHgJq/AYnuqyNbetrlm2KtYYcJ7YOSmDHPWu+dPxI5yEhCvMkJSObcXKTZFQFDMyKnUSSWKEB6hHHE05Col00/EjI3ioFR8GkdDFFRyrfydSFEo5DD3dmR0tZ71M/M9zEhVcuCnlcaIIx5NFQcKgimCWCvSpIFixoSYIC6pvhbiPBMJKZze15XFyakkHY8/GME+aJxW7WqnenZVrV3lERbAHDsARsME5qIEbUAcNgMETeAGv4M14Nt6ND+Nz0low8pldMAXj6xce7J7W</latexit>

d[O] = 6 + 3 + 1 = 10
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Non-factorizable contact terms: general structures

<latexit sha1_base64="v2meI1IswiwfTc8ARAr1IXiuSkI="></latexit>X

n

S{I}
n Ln

hsij
⇤2

i

Spinor structures

Little-group index

Polynomials

Mandelstam invariants 

Only depends on 
scattering angle

Carrying little-
group weights 
and polarizations 
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Four-point massless amplitudes

Satisfy little-group scaling and locality. 

Use Schouten identity  

and momentum conservation to remove 
redundancies. 

[Durieux, Machado, 1912.08827]

<latexit sha1_base64="IG7EvUDEtsgv2AwikhRuO1PVIEg="></latexit>

A4 = Afac
4 +Anon�fac.

4

Determined by 3-point amplitudes
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Four-point massive amplitudes

<latexit sha1_base64="OSggDcFoKM6IYGjAeeQcSQLVdZc=">AAACHnicbVDLSsNAFJ34rPUVdelmtAgtQklKqW6EohtXUsE+oAlhMpm0QycPZyZiCV37G/6AW/0Dd+JWf8DvcNpmYVsPDJx7zr3cO8eNGRXSML61peWV1bX13EZ+c2t7Z1ff22+JKOGYNHHEIt5xkSCMhqQpqWSkE3OCApeRtju4GvvtB8IFjcI7OYyJHaBeSH2KkVSSox/dOKnVI/ewOioKh5YuoBXzyHMoLFZUfWqWHL1glI0J4CIxM1IAGRqO/mN5EU4CEkrMkBBd04ilnSIuKWZklLcSQWKEB6hHuoqGKCDCTidfGcETpXjQj7h6oYQT9e9EigIhhoGrOgMk+2LeG4v/ed1E+ud2SsM4kSTE00V+wqCM4DgX6FFOsGRDRRDmVN0KcR9xhKVKb2bL4/TUvArGnI9hkbQqZbNWrt1WC/XLLKIcOATHoAhMcAbq4Bo0QBNg8ARewCt40561d+1D+5y2LmnZzAGYgfb1C/ZZoRQ=</latexit>

N�4(si) =
Y

i

(2si + 1)

[Durieux, Kitahara, Machado, Shadmi, Weiss, 2008.09652]

<latexit sha1_base64="IG7EvUDEtsgv2AwikhRuO1PVIEg="></latexit>

A4 = Afac
4 +Anon�fac.

4
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Bottom-up construction to WWhh

1

23

4

<latexit sha1_base64="8LVrqJucQl9xNwsjgr7UF8xAfX0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP4+7jMo=</latexit>=
<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+
<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+
<latexit sha1_base64="5feTmwmDVzipP5KhS9Yk3ZKQ/b8=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRKkJJtKjHohePFewHtKFstpt26WYTdidKCQX/ihcPinj1d3jz37htc9DWBwOP92aYmefHgmtwnG8rt7S8srqWXy9sbG5t79i7ew0dJYqyOo1EpFo+0UxwyerAQbBWrBgJfcGa/vBm4jcfmNI8kvcwipkXkr7kAacEjNS1D05L5x3BAlC8PwCiVPSIKyddu+iUnSnwInEzUkQZal37q9OLaBIyCVQQrduuE4OXEgWcCjYudBLNYkKHpM/ahkoSMu2l0/PH+NgoPRxEypQEPFV/T6Qk1HoU+qYzJDDQ895E/M9rJxBceSmXcQJM0tmiIBEYIjzJAve4YhTEyBBCFTe3YjogilAwiRVMCO78y4ukcVZ2L8qVu0qxep3FkUeH6AiVkIsuURXdohqqI4pS9Ixe0Zv1ZL1Y79bHrDVnZTP76A+szx/yFJTZ</latexit>

+(3 $ 4)

Three-point terms

<latexit sha1_base64="c0Xym18sQrLhxlTfHcKXtN2VZLs="></latexit>

C00,fac
WWhh

[12]h12i
m2

W

+ C00
WWhh

[12]h12i
⇤2Four-point contact terms

determined by factorizable part

<latexit sha1_base64="gXqRRefv3z2Er8P+WwAgTmXvOXY="></latexit>

mhChhh, C00
WWh

[12]h12i
mW
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<latexit sha1_base64="FprxMfnaTfDtqC6bi4hvHT+ahvU="></latexit>

M(W+,W�, h, h) = c00,facWWhh

[12]h12i
m2

W

+ c00WWhh
[12]h12i

⇤2
� mhmW c00WWhchhh

s12 �m2
h

[12]h12i
m2

W

<latexit sha1_base64="v+LZ2iZjXzSOl4O7Iu/bxjWfUS8="></latexit>

+
c00WWh

2

s13 �m2
W

✓
h131]h242]

2m2
W

� [12]h12i
◆
+

c00WWh
2

s14 �m2
W

✓
h141]h232]

2m2
W

� [12]h12i
◆

renormalizable nonrenormalizable s-channel

t-channel u-channel

Bottom-up construction to WWhh

1

23

4

<latexit sha1_base64="8LVrqJucQl9xNwsjgr7UF8xAfX0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP4+7jMo=</latexit>=
<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+
<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+
<latexit sha1_base64="5feTmwmDVzipP5KhS9Yk3ZKQ/b8=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRKkJJtKjHohePFewHtKFstpt26WYTdidKCQX/ihcPinj1d3jz37htc9DWBwOP92aYmefHgmtwnG8rt7S8srqWXy9sbG5t79i7ew0dJYqyOo1EpFo+0UxwyerAQbBWrBgJfcGa/vBm4jcfmNI8kvcwipkXkr7kAacEjNS1D05L5x3BAlC8PwCiVPSIKyddu+iUnSnwInEzUkQZal37q9OLaBIyCVQQrduuE4OXEgWcCjYudBLNYkKHpM/ahkoSMu2l0/PH+NgoPRxEypQEPFV/T6Qk1HoU+qYzJDDQ895E/M9rJxBceSmXcQJM0tmiIBEYIjzJAve4YhTEyBBCFTe3YjogilAwiRVMCO78y4ukcVZ2L8qVu0qxep3FkUeH6AiVkIsuURXdohqqI4pS9Ixe0Zv1ZL1Y79bHrDVnZTP76A+szx/yFJTZ</latexit>

+(3 $ 4)
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WWhh: gauge invariance

Take high-energy limit for the transverse W

Gauge invariance requires
<latexit sha1_base64="KsUz5aoU0K/iGaPaiGqLItkH82U=">AAACIXicbVDLSgMxFM34tr6qLt0EiyBYykwp2o1QdONSwdpCpy2ZNNMGMw+SO2IJ8ytu/BU3LhRxJ/6M6XQW2nogcDjnXG7u8WLBFdj2l7WwuLS8srq2XtjY3NreKe7u3akokZQ1aSQi2faIYoKHrAkcBGvHkpHAE6zl3V9O/NYDk4pH4S2MY9YNyDDkPqcEjNQv1mlP23bZBfYI2ic0Tfu61RqNUnyCXV8SqrPAVE3dcq+a6mqKz+1+sWRX7Ax4njg5KaEc1/3ipzuIaBKwEKggSnUcO4auJhI4FSwtuIliMaH3ZMg6hoYkYKqrswtTfGSUAfYjaV4IOFN/T2gSKDUOPJMMCIzUrDcR//M6Cfj1ruZhnAAL6XSRnwgMEZ7UhQdcMgpibAihkpu/YjoiphcwpRZMCc7syfPkrlpxTiu1m1qpcZHXsYYO0CE6Rg46Qw10ha5RE1H0hF7QG3q3nq1X68P6nEYXrHxmH/2B9f0DRlKi8Q==</latexit>

c00,facWWhh +
c00WWh

2

2
= 0

<latexit sha1_base64="sAViUOvEswTaS8IMdnubTXKG+6M="></latexit>

[12]h12i ! [1k2q]h1q2ki

<latexit sha1_base64="rXImCvpdhs9FKu4cnBKkCaCxSkU="></latexit>

M(W+,W�, h, h) ! c00,facWWhh

[1⇠2]h⇠12i
[2⇠2]h1⇠1i

+
c00WWh

2

2

✓
[13⇠1i[⇠242i
s13[2⇠2]h1⇠1i

+
[14⇠1i[⇠232i
s14[2⇠2]h1⇠1i

◆

Take
<latexit sha1_base64="azFuPhDanFZDoKwx4vy1gsbkMUc=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARWiglKUXdCEU3LivYB7QhTKaTduhkEmYmYold+CtuXCji1t9w5984abPQ1gP3cjjnXubO8SJGpbKsbyO3srq2vpHfLGxt7+zumfsHbRnGApMWDlkouh6ShFFOWooqRrqRICjwGOl44+vU79wTIWnI79QkIk6Ahpz6FCOlJdc8KvUfqGtX0l4rw0tYqlXscsE1i1bVmgEuEzsjRZCh6Zpf/UGI44BwhRmSsmdbkXISJBTFjEwL/ViSCOExGpKephwFRDrJ7P4pPNXKAPqh0MUVnKm/NxIUSDkJPD0ZIDWSi14q/uf1YuVfOAnlUawIx/OH/JhBFcI0DDiggmDFJpogLKi+FeIREggrHVkagr345WXSrlXts2r9tl5sXGVx5MExOAElYINz0AA3oAlaAINH8AxewZvxZLwY78bHfDRnZDuH4A+Mzx9NopMP</latexit>

(⇠1, ⇠2) = (2, 1)

<latexit sha1_base64="SYfDH9mvbJDMGohHpVnpvHkVVQs=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARWihlpi3qRii6cVnBPqAdhkyaaUMzmSHJiKV24a+4caGIW3/DnX9jpp2Fth64l8M595Kb40WMSmVZ30ZmZXVtfSO7mdva3tndM/cPWjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2RteJ374nQtKQ36lxRJwADTj1KUZKS655VOg9UNcuJb1ShJewUC1ViznXzFtlawa4TOyU5EGKhmt+9fohjgPCFWZIyq5tRcqZIKEoZmSa68WSRAiP0IB0NeUoINKZzO6fwlOt9KEfCl1cwZn6e2OCAinHgacnA6SGctFLxP+8bqz8C2dCeRQrwvH8IT9mUIUwCQP2qSBYsbEmCAuqb4V4iATCSkeWhGAvfnmZtCpl+6xcu63l61dpHFlwDE5AAdjgHNTBDWiAJsDgETyDV/BmPBkvxrvxMR/NGOnOIfgD4/MHUjaTEg==</latexit>

(⇠1, ⇠2) = (3, 3)or

<latexit sha1_base64="0giB2+bpUToxo36x0GAccy0qd4g="></latexit>

M(W+,W�, h, h) ! �c00WWh
2

2

h23ih24i
h13ih14i

<latexit sha1_base64="73fv7DoR9tj/AcwpeQZy9j+yZEM="></latexit>

M(W+,W�, h, h) ! c00,facWWhh

h23ih24i
h13ih14i

<latexit sha1_base64="Pxn2BUfglyeDdAy+CMosUUUVSQY=">AAACDnicbVC7TsMwFHXKq5RXgJHFoqrULlWCUGFBqmBhLBJ9SE0UOa7TWnWcYDuIKuoXsPArLAwgxMrMxt/gtBmg5UhX9+ice2Xf48eMSmVZ30ZhZXVtfaO4Wdra3tndM/cPOjJKBCZtHLFI9HwkCaOctBVVjPRiQVDoM9L1x1eZ370nQtKI36pJTNwQDTkNKEZKS55Zod5dDV5AJxAIp6HXnaZV6o2dB+rR2hTOe8kzy1bdmgEuEzsnZZCj5ZlfziDCSUi4wgxJ2betWLkpEopiRqYlJ5EkRniMhqSvKUchkW46O2cKK1oZwCASuriCM/X3RopCKSehrydDpEZy0cvE/7x+ooJzN6U8ThTheP5QkDCoIphlAwdUEKzYRBOEBdV/hXiEdDBKJ5iFYC+evEw6J3W7UW/cnJabl3kcRXAEjkEV2OAMNME1aIE2wOARPINX8GY8GS/Gu/ExHy0Y+c4h+APj8wcw+Zrz</latexit>

iq) =
mW

(ik⇠i)
⇠i)

<latexit sha1_base64="1YFkg6NFLytgQxTPiJTqGGCj6Mg=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahXkoiUr0IRS8eK9gPaEvYbDft0s0m7m4KJfSfePGgiFf/iTf/jZs2B219MPB4b4aZeX7MmdKO820V1tY3NreK26Wd3b39A/vwqKWiRBLaJBGPZMfHinImaFMzzWknlhSHPqdtf3yX+e0JlYpF4lFPY9oP8VCwgBGsjeTZdoV5Y8S8p3N0g0KvXfLsslN15kCrxM1JGXI0PPurN4hIElKhCcdKdV0n1v0US80Ip7NSL1E0xmSMh7RrqMAhVf10fvkMnRllgIJImhIazdXfEykOlZqGvukMsR6pZS8T//O6iQ6u+ykTcaKpIItFQcKRjlAWAxowSYnmU0MwkczcisgIS0y0CSsLwV1+eZW0LqpurVp7uCzXb/M4inACp1ABF66gDvfQgCYQmMAzvMKblVov1rv1sWgtWPnMMfyB9fkD10KR3Q==</latexit>

(ikiq) = mW
<latexit sha1_base64="/U1jzEAiufV0hkghuzQrZUgGIMI=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0Wwm5KIVJdFNy4r2Ac0IUymk3boZCbMTMQair/ixoUibv0Pd/6NkzYLbT1w4XDOvdx7T5gwqrTjfFtLyyura+uljfLm1vbOrr2331YilZi0sGBCdkOkCKOctDTVjHQTSVAcMtIJR9e537knUlHB7/Q4IX6MBpxGFCNtpMA+9B5oQKvQS6RItIA0GFXLgV1xas4UcJG4BamAAs3A/vL6Aqcx4RozpFTPdRLtZ0hqihmZlL1UkQThERqQnqEcxUT52fT6CTwxSh9GQpriGk7V3xMZipUax6HpjJEeqnkvF//zeqmOLv2M8iTVhOPZoihl0LyZRwH7VBKs2dgQhCU1t0I8RBJhbQLLQ3DnX14k7bOaW6/Vb88rjasijhI4AsfgFLjgAjTADWiCFsDgETyDV/BmPVkv1rv1MWtdsoqZA/AH1ucPCfKUUg==</latexit>

⇠i) / ik) ;,
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WWhh: perturbative unitarity

Take high-energy limit for the longitudinal W

Due to the gauge invariance

<latexit sha1_base64="+2woS87Q3GaIrTu0FAP08cdQWQs="></latexit>

M(W+,W�, h, h) � �
✓
c00,facWWhh +

c00WWh
2

2

◆
s12
2m2

W

<latexit sha1_base64="KsUz5aoU0K/iGaPaiGqLItkH82U=">AAACIXicbVDLSgMxFM34tr6qLt0EiyBYykwp2o1QdONSwdpCpy2ZNNMGMw+SO2IJ8ytu/BU3LhRxJ/6M6XQW2nogcDjnXG7u8WLBFdj2l7WwuLS8srq2XtjY3NreKe7u3akokZQ1aSQi2faIYoKHrAkcBGvHkpHAE6zl3V9O/NYDk4pH4S2MY9YNyDDkPqcEjNQv1mlP23bZBfYI2ic0Tfu61RqNUnyCXV8SqrPAVE3dcq+a6mqKz+1+sWRX7Ax4njg5KaEc1/3ipzuIaBKwEKggSnUcO4auJhI4FSwtuIliMaH3ZMg6hoYkYKqrswtTfGSUAfYjaV4IOFN/T2gSKDUOPJMMCIzUrDcR//M6Cfj1ruZhnAAL6XSRnwgMEZ7UhQdcMgpibAihkpu/YjoiphcwpRZMCc7syfPkrlpxTiu1m1qpcZHXsYYO0CE6Rg46Qw10ha5RE1H0hF7QG3q3nq1X68P6nEYXrHxmH/2B9f0DRlKi8Q==</latexit>

c00,facWWhh +
c00WWh

2

2
= 0

Gauge invariance guarantee perturbative unitarity
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WWhh: non-factorizable contact terms

<latexit sha1_base64="an9PpFNCVczcjJnRksoDsHIFkzQ=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tFEMSSFKkeiyJ4rGCbQpuWzXbTLt18sDsRS+zBv+LFgyJe/Rve/Ddu2xy0+mDg8d4MM/O8WHAFlvVl5BYWl5ZX8quFtfWNzS1ze6ehokRSVqeRiGTTI4oJHrI6cBCsGUtGAk8wxxteTnznjknFo/AWRjFzA9IPuc8pAS11zT2nc+x0TgaDNrB7SDEBPL7qlLtm0SpZU+C/xM5IEWWodc3Pdi+iScBCoIIo1bKtGNyUSOBUsHGhnSgWEzokfdbSNCQBU246vX+MD7XSw34kdYWAp+rPiZQESo0CT3cGBAZq3puI/3mtBPxzN+VhnAAL6WyRnwgMEZ6EgXtcMgpipAmhkutbMR0QSSjoyAo6BHv+5b+kUS7ZlVLl5rRYvcjiyKN9dICOkI3OUBVdoxqqI4oe0BN6Qa/Go/FsvBnvs9ackc3sol8wPr4Bg36VJw==</latexit>

W+W�hh at E2

<latexit sha1_base64="7o5Z5EPlGkizUjwrfzFJLfraI10=">AAACKXicbVBNS8MwGE79nPOr6tFLcAjzMtoh0+PQi8cJ7gPaMtI03cLStCapMMr+jhf/ihcFRb36R0y7HnTzgSQPz/O+5H0fP2FUKsv6NFZW19Y3Nitb1e2d3b198+CwJ+NUYNLFMYvFwEeSMMpJV1HFyCARBEU+I31/cp37/QciJI35nZomxIvQiNOQYqS0NDTbdUvjzL1PUVBcjuvHLJDTSD+Z3Zx5LkN8xAhc0KErCn1o1qyGVQAuE7skNVCiMzRf3SDGaUS4wgxJ6dhWorwMCUUxI7Oqm0qSIDxBI+JoylFEpJcVm87gqVYCGMZCH65gof7uyFAk8xl1ZYTUWC56ufif56QqvPQyypNUEY7nH4UpgyqGeWwwoIJgxaaaICyonhXiMRIIKx1uVYdgL668THrNht1qtG7Pa+2rMo4KOAYnoA5scAHa4AZ0QBdg8AiewRt4N56MF+PD+JqXrhhlzxH4A+P7B2R4ps0=</latexit>

(0000) [12]h12i
<latexit sha1_base64="UWSYBxtwR/4D3fGDJZiub4sT4Y8=">AAACDHicbVC7TsMwFHXKq5RXgZHFokIqqlQlFSqMFSyMRaIPKQ2V4zitVccJtoNURf0AFn6FhQGEWPkANv4GJ80ALUeyfXTuufK9x40Ylco0v43Cyura+kZxs7S1vbO7V94/6MowFph0cMhC0XeRJIxy0lFUMdKPBEGBy0jPnVyl9d4DEZKG/FZNI+IEaMSpTzFSWhqWK9VazTRPB/cx8rLLHrgh8+Q00E9iNWbOXUO7zLqZAS4TKycVkKM9LH8NvBDHAeEKMySlbZmRchIkFMWMzEqDWJII4QkaEVtTjgIinSRbZgZPtOJBPxT6cAUz9XdHggKZjqedAVJjuVhLxf9qdqz8CyehPIoV4Xj+kR8zqEKYJgM9KghWbKoJwoLqWSEeI4Gw0vmVdAjW4srLpNuoW8168+as0rrM4yiCI3AMqsAC56AFrkEbdAAGj+AZvII348l4Md6Nj7m1YOQ9h+APjM8f/2eaXw==</latexit>

(+ + 00) [12]2

<latexit sha1_base64="WMr5SDsuwPti2yPKJzhEVYcfxEo=">AAACGHicbVC7TsMwFHXKq5RXgJHFokIqQ0tSocJYwcJYJPqQmlA5jttaOE6wHaQq6mew8CssDCDE2o2/wUkzQMuRbB+dc6987/EiRqWyrG+jsLK6tr5R3Cxtbe/s7pn7Bx0ZxgKTNg5ZKHoekoRRTtqKKkZ6kSAo8Bjpeg/Xqd99IkLSkN+pSUTcAI04HVKMlJYG5lmlWrWsU+cxRv78YoiPGHG8kPlyEugnsetTR2TqfX1glq2alQEuEzsnZZCjNTBnjh/iOCBcYYak7NtWpNwECUUxI9OSE0sSIfyARqSvKUcBkW6SLTaFJ1rx4TAU+nAFM/V3R4ICmQ6pKwOkxnLRS8X/vH6shpduQnkUK8Lx/KNhzKAKYZoS9KkgWLGJJggLqmeFeIwEwkpnWdIh2IsrL5NOvWY3ao3b83LzKo+jCI7AMagAG1yAJrgBLdAGGDyDV/AOPowX4834NL7mpQUj7zkEf2DMfgDvf5/H</latexit>

(�� 00) h12i2

<latexit sha1_base64="1ZfBq6hWpZELQovOYM5MZWeYhv8=">AAACInicbVDLSsNAFJ34rPUVdelmsAiCUJIoVXdFNy4r2Ac0aZlMpu3QySTMTIQS+i1u/BU3LhR1JfgxTtIstPXCMIdzzuXee/yYUaks68tYWl5ZXVsvbZQ3t7Z3ds29/ZaMEoFJE0csEh0fScIoJ01FFSOdWBAU+oy0/fFNprcfiJA04vdqEhMvRENOBxQjpam+edV1/YgFchLqL7XPnCl0BeJDRnoOPIUuy/GCx+s5fbNiVa284CKwC1ABRTX65ocbRDgJCVeYISm7thUrL0VCUczItOwmksQIj9GQdDXkKCTSS/MTp/BYMwEcREI/rmDO/u5IUSizBbUzRGok57WM/E/rJmpw6aWUx4kiHM8GDRIGVQSzvGBABcGKTTRAWFC9K8QjJBBWOtWyDsGeP3kRtJyqXavW7s4r9esijhI4BEfgBNjgAtTBLWiAJsDgETyDV/BmPBkvxrvxObMuGUXPAfhTxvcPCVqjWQ==</latexit>

[132i2 + h132]2

is not independent

Match to D6 SMEFT

<latexit sha1_base64="/Y3lA8C/jLwU6V9n7O1Y076m5K0=">AAACHHicbVBNS8MwGE79nPNr6tFLcAjzMlod04sw3GXHCW4drLWkabaFJW1JUmGU/hAv/hUvHhTx4kHw35htPejmQwJPnud9efM+fsyoVKb5baysrq1vbBa2its7u3v7pYPDrowSgUkHRywSPR9JwmhIOooqRnqxIIj7jNj+uDn17QciJI3COzWJicvRMKQDipHSkle6aN6nTsz1ybzUtkejDF7DWgU2vbRlZ1DrkM4ejqIsIKmdZWdeqWxWzRngMrFyUgY52l7p0wkinHASKsyQlH3LjJWbIqEoZiQrOokkMcJjNCR9TUPEiXTT2XIZPNVKAAeR0DdUcKb+7kgRl3LCfV3JkRrJRW8q/uf1EzW4clMaxokiIZ4PGiQMqghOk4IBFQQrNtEEYUH1XyEeIYGw0nkWdQjW4srLpHteterV+m2t3LjJ4yiAY3ACKsACl6ABWqANOgCDR/AMXsGb8WS8GO/Gx7x0xch7jsAfGF8/wRugkA==</latexit>

C±±
WWhh

= 4(CHW ± iC
HW̃

)

<latexit sha1_base64="NR0XNC6SUGdvZK8Vm42wZ5S455Y=">AAACGHicbVC7TgJBFJ3FF+ILtbSZSEywEHcNQRsTAhaUmMgjYXEzO8zKhNlHZmaNZLKfYeOv2FhojC2df+MAWyh4kpucnHNv7r3HjRgV0jS/jczK6tr6RnYzt7W9s7uX3z9oizDmmLRwyELedZEgjAakJalkpBtxgnyXkY47qk/9ziPhgobBnRxHpO+jh4B6FCOpJSd/Xr9Xppk4qtMZDhN4DcuwWHdUw66FT8mZ7XGElZWocjIVb5JTJ18wS+YMcJlYKSmAFE0nP7EHIY59EkjMkBA9y4xkXyEuKWYkydmxIBHCI/RAepoGyCeir2aPJfBEKwPohVxXIOFM/T2hkC/E2Hd1p4/kUCx6U/E/rxdL76qvaBDFkgR4vsiLGZQhnKYEB5QTLNlYE4Q51bdCPEQ6DKmzzOkQrMWXl0n7omRVSpXbcqFaS+PIgiNwDIrAApegChqgCVoAg2fwCt7Bh/FivBmfxte8NWOkM4fgD4zJD/PZnoM=</latexit>

C00
WWhh

= 4(CH⇤ � 1

4
CHD)

[Durieux, Kitahara, Machado, Shadmi, Weiss, 2008.09652]
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WWhh: non-factorizable contact terms

<latexit sha1_base64="1ZfBq6hWpZELQovOYM5MZWeYhv8=">AAACInicbVDLSsNAFJ34rPUVdelmsAiCUJIoVXdFNy4r2Ac0aZlMpu3QySTMTIQS+i1u/BU3LhR1JfgxTtIstPXCMIdzzuXee/yYUaks68tYWl5ZXVsvbZQ3t7Z3ds29/ZaMEoFJE0csEh0fScIoJ01FFSOdWBAU+oy0/fFNprcfiJA04vdqEhMvRENOBxQjpam+edV1/YgFchLqL7XPnCl0BeJDRnoOPIUuy/GCx+s5fbNiVa284CKwC1ABRTX65ocbRDgJCVeYISm7thUrL0VCUczItOwmksQIj9GQdDXkKCTSS/MTp/BYMwEcREI/rmDO/u5IUSizBbUzRGok57WM/E/rJmpw6aWUx4kiHM8GDRIGVQSzvGBABcGKTTRAWFC9K8QjJBBWOtWyDsGeP3kRtJyqXavW7s4r9esijhI4BEfgBNjgAtTBLWiAJsDgETyDV/BmPBkvxrvxObMuGUXPAfhTxvcPCVqjWQ==</latexit>

[132i2 + h132]2

is not independent

<latexit sha1_base64="ebuGelEBO4zq1+L3G4pbxpz4mkY=">AAACBHicbVDJSgNBEO2JW4zbqMdcGoMgqGFGQ/QYlIDHCGaBbPR0ejJNeha6a8Qw5ODFX/HiQRGvfoQ3/8bOctDEBwWP96qoqudEgiuwrG8jtbS8srqWXs9sbG5t75i7ezUVxpKyKg1FKBsOUUzwgFWBg2CNSDLiO4LVncH12K/fM6l4GNzBMGJtn/QD7nJKQEtdM1vvHNc7p57XAvYACSaAR+XO+QkudwpdM2flrQnwIrFnJIdmqHTNr1YvpLHPAqCCKNW0rQjaCZHAqWCjTCtWLCJ0QPqsqWlAfKbayeSJET7USg+7odQVAJ6ovycS4is19B3d6RPw1Lw3Fv/zmjG4l+2EB1EMLKDTRW4sMIR4nAjucckoiKEmhEqub8XUI5JQ0LlldAj2/MuLpHaWt4v54m0hV7qaxZFGWXSAjpCNLlAJ3aAKqiKKHtEzekVvxpPxYrwbH9PWlDGb2Ud/YHz+ACAWln0=</latexit>

W+W�hh at E3, E4

<latexit sha1_base64="6cNDOVV4GNeOOOLAkdPx52cJiRI="></latexit>

(0000) [131i[232i+ [141i[242i, s̃12[12]h12i
<latexit sha1_base64="jO68L2hAwu6hzHAdrXabGvZ+c0M=">AAACGXicbVC7TsMwFHXKq5RXgJHFokIqqlQlFSqMFSyMRaIPKQmR4zitVeeB7SBVUX+DhV9hYQAhRpj4G5w2A7Rcyb7H59wr33u8hFEhDeNbK62srq1vlDcrW9s7u3v6/kFPxCnHpItjFvOBhwRhNCJdSSUjg4QTFHqM9L3xVa73HwgXNI5u5SQhToiGEQ0oRlJRrm7U6nXDOLXvU+TPL0mZT6BwM7M5tWwvZr6YhCrlb+eu6epVo2HMAi4DswBVUETH1T9tP8ZpSCKJGRLCMo1EOhnikmJGphU7FSRBeIyGxFIwQiERTjbbbApPFOPDIObqRBLO2N8dGQpFPp6qDJEciUUtJ//TrFQGF05GoySVJMLzj4KUQRnD3CboU06wZBMFEOZUzQrxCHGEpTKzokwwF1deBr1mw2w1Wjdn1fZlYUcZHIFjUAMmOAdtcA06oAsweATP4BW8aU/ai/aufcxLS1rRcwj+hPb1A8onn5w=</latexit>

(+ + 00) s̃12[12]
2

2

2

2<latexit sha1_base64="PD38b10wsLiSYfEWdvpTAD4Ex4g=">AAACGHicbVDLTgIxFO3gC/GFunTTSEwgBpxBgi6JblxiIo9kZiSdToGGTmdsOyZkwme48VfcuNAYt+z8G8vAQtGTtD0559703uNFjEplml9GZmV1bX0ju5nb2t7Z3cvvH7RlGAtMWjhkoeh6SBJGOWkpqhjpRoKgwGOk442uZ37nkQhJQ36nxhFxAzTgtE8xUlrq5c+Kp2XTLDkPMfLTC9qOFzJfjgP9JFbxvFwrVSeOQHzAyH21ly+YFTMF/EusBSmABZq9/NTxQxwHhCvMkJS2ZUbKTZBQFDMyyTmxJBHCIzQgtqYcBUS6SbrYBJ5oxYf9UOjDFUzVnx0JCuRsUl0ZIDWUy95M/M+zY9W/dBPKo1gRjucf9WMGVQhnKUGfCoIVG2uCsKB6VoiHSCCsdJY5HYK1vPJf0q5WrHqlflsrNK4WcWTBETgGRWCBC9AAN6AJWgCDJ/AC3sC78Wy8Gh/G57w0Yyx6DsEvGNNvp/eeVg==</latexit>

(+� 00) [1(3 � 4)2i2

[Durieux, Kitahara, Machado, Shadmi, Weiss, 2008.09652]
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WWhh: non-factorizable contact terms

<latexit sha1_base64="1ZfBq6hWpZELQovOYM5MZWeYhv8=">AAACInicbVDLSsNAFJ34rPUVdelmsAiCUJIoVXdFNy4r2Ac0aZlMpu3QySTMTIQS+i1u/BU3LhR1JfgxTtIstPXCMIdzzuXee/yYUaks68tYWl5ZXVsvbZQ3t7Z3ds29/ZaMEoFJE0csEh0fScIoJ01FFSOdWBAU+oy0/fFNprcfiJA04vdqEhMvRENOBxQjpam+edV1/YgFchLqL7XPnCl0BeJDRnoOPIUuy/GCx+s5fbNiVa284CKwC1ABRTX65ocbRDgJCVeYISm7thUrL0VCUczItOwmksQIj9GQdDXkKCTSS/MTp/BYMwEcREI/rmDO/u5IUSizBbUzRGok57WM/E/rJmpw6aWUx4kiHM8GDRIGVQSzvGBABcGKTTRAWFC9K8QjJBBWOtWyDsGeP3kRtJyqXavW7s4r9esijhI4BEfgBNjgAtTBLWiAJsDgETyDV/BmPBkvxrvxObMuGUXPAfhTxvcPCVqjWQ==</latexit>

[132i2 + h132]2

is not independent

<latexit sha1_base64="JjY8YONHA9OxyXEXTv+pZcW8+RE="></latexit>

(+000) [12][1(3 � 4)2i(s̃13 � s̃14) at E
5

[Durieux, Kitahara, Machado, Shadmi, Weiss, 2008.09652]
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Collider phenomenology

๏In the 1990s, Lance Dixon and Yael Shadmi studied the tr(G^3) operator 

and found that its interference with the SM QCD amplitude vanishes for  

processes. This orthogonality is lifted in                       processes [Dixon, Shadmi, 

hep-ph/9312363].  

๏Inspired by this work, we study the tr(W^3)operator in the process: 

<latexit sha1_base64="PW0GejwAjisxi/rsXLlq+1u0FPs=">AAACBHicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHoxWME85BkCbOT2c2QmdllZlYMS67+gFf9A2/i1f/wB/wOJ8keTGJBQ1HVTXdXkHCmjet+Oyura+sbm4Wt4vbO7t5+6eCwqeNUEdogMY9VO8CaciZpwzDDaTtRFIuA01YwvJn4rUeqNIvlvRkl1Bc4kixkBBsrPUQR6poYRVGvVHYr7hRomXg5KUOOeq/00+3HJBVUGsKx1h3PTYyfYWUY4XRc7KaaJpgMcUQ7lkosqPaz6cFjdGqVPgpjZUsaNFX/TmRYaD0Sge0U2Az0ojcR//M6qQmv/IzJJDVUktmiMOXI/jj5HvWZosTwkSWYKGZvRWSAFSbGZjS35Wl2atEG4y3GsEya5xWvWqneXZRr13lEBTiGEzgDDy6hBrdQhwYQEPACr/DmPDvvzofzOWtdcfKZI5iD8/ULeJGYgA==</latexit>

gg ! gg
<latexit sha1_base64="6Rie3Ab6OiXAHMX3UouATlGTWUk=">AAACBXicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHoxWME88BkCbOT2cmQ2dllZlYMS87+gFf9A2/i1e/wB/wOJ8keTGJBQ1HVTXdXkAiujet+Oyura+sbm4Wt4vbO7t5+6eCwqeNUEdogsYhVO8CaCi5pw3AjaDtRFEeBoK1geDPxW49UaR7LezNKqB9hJnnICTZWemAMdU2MGGO9UtmtuFOgZeLlpAw56r3ST7cfkzSi0hCBte54bmL8DCvDiaDjYjfVNMFkiBntWCpxRLWfTS8eo1Or9FEYK1vSoKn6dyLDkdajKLCdETYDvehNxP+8TmrCKz/jMkkNlWS2KEwFsk9O3kd9rigxYmQJJorbWxEZYIWJsSHNbXmanVq0wXiLMSyT5nnFq1aqdxfl2nUeUQGO4QTOwINLqMEt1KEBBCS8wCu8Oc/Ou/PhfM5aV5x85gjm4Hz9AkTrmPE=</latexit>

gg ! ggg

<latexit sha1_base64="DgwnqgBHvibKPPKIaqn3AeP2ImE=">AAACJHicbVDLTgJBEJz1ifha9ehlIjF4IGTXGPRI9OIRE3kkLCG9wwATZmaXmVkjIXyCv+EPeNU/8GY8ePHodzg8DgJW0kmlqjvdXWHMmTae9+WsrK6tb2ymttLbO7t7++7BYUVHiSK0TCIeqVoImnImadkww2ktVhREyGk17N2M/eoDVZpF8t4MYtoQ0JGszQgYKzXdbB8HISjcz+LARDjogBCAq7kgh6sTgXKOA5k03YyX9ybAy8SfkQyaodR0f4JWRBJBpSEctK77XmwaQ1CGEU5H6SDRNAbSgw6tWypBUN0YTh4a4VOrtHA7UrakwRP178QQhNYDEdpOAaarF72x+J9XT0z7qjFkMk4MlWS6qJ1wbD8dp4NbTFFi+MASIIrZWzHpggJibIZzWx6np6ZtMP5iDMukcp73C/nC3UWmeD2LKIWO0Qk6Qz66REV0i0qojAh6Qi/oFb05z8678+F8TltXnNnMEZqD8/0LeIKjcw==</latexit>

qq̄0 ! �W, W ! `⌫
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Collider phenomenology: Wγ production in pp collisions 

At SM

The relevant production amplitude is
<latexit sha1_base64="QIX5Govnpvt2WyF1Iqmk6QTRygA=">AAACHXicbVDLSgMxFM34rPU16tJNsAgVocxIqS6rblxWsA/o1HInTdvQZGZIMmIZuvU3/AG3+gfuxK34A36HmbYL23ogcDjnXu7J8SPOlHacb2tpeWV1bT2zkd3c2t7Ztff2ayqMJaFVEvJQNnxQlLOAVjXTnDYiSUH4nNb9wXXq1x+oVCwM7vQwoi0BvYB1GQFtpLaNPQG6T4Anl6N2Md/xfJA49nogBOD6/elJ2845BWcMvEjcKcmhKSpt+8frhCQWNNCEg1JN14l0KwGpGeF0lPViRSMgA+jRpqEBCKpayfgnI3xslA7uhtK8QOOx+ncjAaHUUPhmMs2t5r1U/M9rxrp70UpYEMWaBmRyqBtzrEOc1oI7TFKi+dAQIJKZrJj0QQLRpryZK4+TqFlTjDtfwyKpnRXcUqF0W8yVr6YVZdAhOkJ55KJzVEY3qIKqiKAn9IJe0Zv1bL1bH9bnZHTJmu4coBlYX7/svaG4</latexit>

A4(dū�W
+)

Here, we take all the particles as incoming
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Collider phenomenology: 4-point (D6 SMEFT)

Gluing
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Collider phenomenology: 4-point (D8 SMEFT)

•At dimension-8, we consider two operators
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Collider phenomenology: angular distributions

The leading EFT contributions are from the terms with same photon and W helicities

The leading interference comes from opposite W helicities
<latexit sha1_base64="PvsWfhVjEU/UjChD6mswATqMHio=">AAACDXicbVBLSgNBFOyJvxh/oy7dNAbBVZgJEt0IQV24jGA+kAxDT+dN0qTnQ3dPMExyBi/gVm/gTtx6Bi/gOewkszCJBQ+Kqvd4RXkxZ1JZ1reRW1vf2NzKbxd2dvf2D8zDo4aMEkGhTiMeiZZHJHAWQl0xxaEVCyCBx6HpDW6nfnMIQrIofFSjGJyA9ELmM0qUllzTHHfugCuC+25zjK9x2TWLVsmaAa8SOyNFlKHmmj+dbkSTAEJFOZGybVuxclIiFKMcJoVOIiEmdEB60NY0JAFIJ50ln+AzrXSxHwk9ocIz9e9FSgIpR4GnNwOi+nLZm4r/ee1E+VdOysI4URDS+SM/4VhFeFoD7jIBVPGRJoQKprNi2ieCUKXLWvjyNI9a0MXYyzWskka5ZFdKlYeLYvUmqyiPTtApOkc2ukRVdI9qqI4oGqIX9IrejGfj3fgwPuerOSO7OUYLML5+AV9lmwc=</latexit>

|�hW | = 2
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Collider phenomenology: 5-point

The 5-pt amplitudes can be obtained by gluing the 4-pt and 3-pt ones

<latexit sha1_base64="kb3fV1FvqcZ7pBdnUEImzDDTpyg=">AAAB+XicbVDLSsNAFL2pr1pfUZdugkVwVRKR6rLoxmUF+4A2hMlk0g6dzISZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cMGVUadf9tiobm1vbO9Xd2t7+weGRfXzSVSKTmHSwYEL2Q6QIo5x0NNWM9FNJUBIy0gsn94XfmxKpqOBPepYSP0EjTmOKkTZSYNvDULBIzRJz5e2gNw/suttwF3DWiVeSOpRoB/bXMBI4SwjXmCGlBp6baj9HUlPMyLw2zBRJEZ6gERkYylFClJ8vks+dC6NETiykOVw7C/X3Ro4SVYQzkwnSY7XqFeJ/3iDT8a2fU55mmnC8fCjOmKOFU9TgRFQSrNnMEIQlNVkdPEYSYW3KqpkSvNUvr5PuVcNrNpqP1/XWXVlHFc7gHC7BgxtowQO0oQMYpvAMr/Bm5daL9W59LEcrVrlzCn9gff4A+6CT5w==</latexit>

PW

<latexit sha1_base64="p5XX2q0hE21WEhMlx9sW0jo9AMU=">AAACAHicbVC7TsMwFHV4lvIKMDCwWFRITFWCUGGsYGEsEn1ITRQ5jtNadezIdpCqKAu/wsIAQqx8Bht/g9NmgJYjWT46517de0+YMqq043xbK6tr6xubta369s7u3r59cNhTIpOYdLFgQg5CpAijnHQ11YwMUklQEjLSDye3pd9/JFJRwR/0NCV+gkacxhQjbaTAPvZCwSI1TcyXe5qyiMBO0C8Cu+E0nRngMnEr0gAVOoH95UUCZwnhGjOk1NB1Uu3nSGqKGSnqXqZIivAEjcjQUI4Sovx8dkABz4wSwVhI87iGM/V3R44SVe5oKhOkx2rRK8X/vGGm42s/pzzNNOF4PijOGNQClmnAiEqCNZsagrCkZleIx0girE1mdROCu3jyMuldNN1Ws3V/2WjfVHHUwAk4BefABVegDe5AB3QBBgV4Bq/gzXqyXqx362NeumJVPUfgD6zPHxVelrs=</latexit>

P̃W

(1)

(2)

(3)

(4)

(5)
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Collider phenomenology: 5-point
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Collider phenomenology: 5-point

•Proton contains both d and ubar 

•We define the forward and backward distributions
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Collider phenomenology: 5-point
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Collider phenomenology: 5-point
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Summary

•We derive the four-point contact terms of the standard model particles, 
keeping terms with up to quartic energy growth. It will complete the 4-point 
amplitudes together with the factorizable parts. 

•The on-shell method is a powerful tool for obtaining angular observables in 
the process involving more than 4 external legs. 

Thanks!



34

Backup
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HEFT and SMEFT mapping

•In 士士 helicity of VVhh, 
10 HEFT parameters and 
8 SMEFT parameters

[HL, Ma, Shadmi, Waterbury, 2301.11349]
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Schouten identity
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Massless dim-6 SMEFT

• Massless SMEFT contact term 

• Each kinematic structure in the physical 
amplitudes can be associated with a 
specific operator in the Warsaw basis

[HL, Ma, Shadmi, Waterbury ’23]

[Ma, Shu, Xiao ’19]
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WWhh

<latexit sha1_base64="5RIRUbiO2ZTQ/Zlmw4pynxfIsSM="></latexit>

A(Hc
iH

c
jH

k
H

l) =
c+

⇤2
s12T

+ kl
ij +

c�
⇤2

(s13 � s23)T
� kl
ij

<latexit sha1_base64="4FiNQSEnbgtgcVcFL393vw+UKE8="></latexit>

T± kl
ij ⌘ 1

2
(�ki �

l
j ± �kj �

l
i)

<latexit sha1_base64="ssuq+xq/Ju1o5u9gGFeXd0+SnLo="></latexit>

M(W+
L W�

L hh) =
c+ � 3c�

2

[12]h12i
⇤2

<latexit sha1_base64="QfcdET+jZTQMcEicmRmW8QsnAfE="></latexit>

c00
WWhh

=
c+ � 3c�

2
= 4(CH⇤ � 1

4
CHD)

<latexit sha1_base64="WmXXzpQfrZxo111bvkDYRRTm0gU="></latexit>

[12]h12i ⌘ 1

2
[1{I12{J1 ]h1I2}2J2}i ! 1

2
[12]h12i = �1

2
s12
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HEFT and SMEFT mapping

•In 士士 helicity of VVhh, 
10 HEFT parameters and 
8 SMEFT parameters

[HL, Ma, Shadmi, Waterbury ’23]


