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Introduction 

Muon g-2 experiment at Fermilab:

<latexit sha1_base64="4kdV447qgTkM8BuODTC5HqVjUQ0="></latexit>

�aµ =
(g � 2)exp � (g � 2)SM

2
= (2.51± 0.59)⇥ 10�9

Plethora of beyond-SM models to explain this. One example: 

Consider two vector-like fermions, a singlet S and an SU(2) doublet L with couplings

lepton doublet right-handed muon Higgs

<latexit sha1_base64="sM4jnLDh1IxJ9M5SazZEe8lOd5U="></latexit>

L = �YL`SH̃ � YRLeH � YV H̃
†
L
c
S
c � Y

0
V LSH̃ �MS SS

c �ML LL
c + h.c.

K. Kannike, M. Raidal, D. M. Straub, and A. Strumia  [arXiv:1111.2551]
A. Freitas, J. Lykken, S. Kell, and S. Westhof  [arXiv:1402.7065]



Introduction 

But muon Yukawa coupling is generated (none at tree-level). Again for                  YV = 0 :

<latexit sha1_base64="TvKqJFMt8rX/MWRHinacXoLT3wo=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVgh8gFL14rGC3lXYp2TTbxmaTJckKZel/8OJBEa/+H2/+G9N2D1p9MPB4b4aZeWHCmTau++UUlpZXVteK66WNza3tnfLunq9lqghtEsmlaodYU84EbRpmOG0niuI45LQVjq6nfuuRKs2kuDPjhAYxHggWMYKNlfz7nn/pXvTKFbfqzoD+Ei8nFcjR6JU/u31J0pgKQzjWuuO5iQkyrAwjnE5K3VTTBJMRHtCOpQLHVAfZ7NoJOrJKH0VS2RIGzdSfExmOtR7Hoe2MsRnqRW8q/ud1UhOdBRkTSWqoIPNFUcqRkWj6OuozRYnhY0swUczeisgQK0yMDahkQ/AWX/5L/JOqV6ue39Yq9as8jiIcwCEcgwenUIcbaEATCDzAE7zAqyOdZ+fNeZ+3Fpx8Zh9+wfn4Bognjnc=</latexit>

) �Y` 6= 0

<latexit sha1_base64="3ZnMtYy7mfNgvvOQY7AhlhtbMgg=">AAACCXicbVA9SwNBEN2LXzF+RS1tFoNgFe4koHZBLSyjmA/JhbC3mSRL9vbO3TklhLQ2/hUbC0Vs/Qd2/hs3H4UmPhh4vDfDzLwglsKg6347qYXFpeWV9GpmbX1jcyu7vVMxUaI5lHkkI10LmAEpFJRRoIRarIGFgYRq0Dsf+dV70EZE6gb7MTRC1lGiLThDKzWz1L8WnS4yraMH6l+AREZvmz5ISX0Fd9RtZnNu3h2DzhNvSnJkilIz++W3Ip6EoJBLZkzdc2NsDJhGwSUMM35iIGa8xzpQt1SxEExjMP5kSA+s0qLtSNtSSMfq74kBC43ph4HtDBl2zaw3Ev/z6gm2TxoDoeIEQfHJonYiKUZ0FAttCQ0cZd8SxrWwt1LeZZpxtOFlbAje7MvzpHKU9wr506tCrng2jSNN9sg+OSQeOSZFcklKpEw4eSTP5JW8OU/Oi/PufExaU850Zpf8gfP5AzQbmWM=</latexit>

Expect that leading contribution g-2 of muon arises from (for              )              

) �aµ = 0!

<latexit sha1_base64="szcyNLsrbq1g6KFpR5IMBdVCbuw=">AAACE3icbVA9SwNBEN3z2/gVtbRZDYJYhDsR1EIQtbBUMSaQC2FuM0mW7H2wO6eEI//Bxr9iY6GIrY2d/8bNmcKvBwOP92Z2Z16QKGnIdT+csfGJyanpmdnC3PzC4lJxeeXaxKkWWBGxinUtAINKRlghSQpriUYIA4XVoHcy9Ks3qI2MoyvqJ9gIoRPJthRAVmoWt/38jUxja8D9S9npEmgd33L/FBUBh6YfpvyQu3y9WSy5ZTcH/0u8ESmxEc6bxXe/FYs0xIiEAmPqnptQIwNNUigcFPzUYAKiBx2sWxpBiKaR5fsM+KZVWrwda1sR8Vz9PpFBaEw/DGxnCNQ1v72h+J9XT6m938hklKSEkfj6qJ0qTjEfBsRbUqMg1bcEhJZ2Vy66oEGQjbFgQ/B+n/yXXO+Uvd3ywcVu6eh4FMcMW2MbbIt5bI8dsTN2zipMsDv2wJ7Ys3PvPDovzutX65gzmlllP+C8fQJPyp0g</latexit>

N. Arkani-Hamed and K. Harigaya  [arXiv:2106.01373]
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<latexit sha1_base64="/RCSqviWT0GI+t5rJnfvjfbuZro="></latexit>

with

<latexit sha1_base64="raB/9Jj9RuhOShqJUAxPVdtmLLY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxgmkrbSib7aRdutmE3Y1QSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6aCa+O6305hZXVtfaO4Wdra3tndK+8fNHSSKYY+S0SiWiHVKLhE33AjsJUqpHEosBkOb6d+8wmV5ol8MKMUg5j2JY84o8ZK/mO3ce12yxW36s5AlomXkwrkqHfLX51ewrIYpWGCat323NQEY6oMZwInpU6mMaVsSPvYtlTSGHUwnh07ISdW6ZEoUbakITP198SYxlqP4tB2xtQM9KI3Ff/z2pmJroIxl2lmULL5oigTxCRk+jnpcYXMiJEllClubyVsQBVlxuZTsiF4iy8vk8ZZ1buont+fV2o3eRxFOIJjOAUPLqEGd1AHHxhweIZXeHOk8+K8Ox/z1oKTzxzCHzifPwjmjjA=</latexit>

YV = 0

<latexit sha1_base64="s7Ql6uElB90S7vSN2S5Vd4Ky2FM=">AAACAnicbVDLSgMxFM34rPU16krcRIvgqsxIUTdCsRuXFewDOsOQSTNtaJIZkoxQhuLGX3HjQhG3foU7/8Z0OgttPXDhcM69ubknTBhV2nG+raXlldW19dJGeXNre2fX3ttvqziVmLRwzGLZDZEijArS0lQz0k0kQTxkpBOOGlO/80CkorG41+OE+BwNBI0oRtpIgX3o5W9kkvQnsBF4A8Q5gtfQOQ7silN1csBF4hakAgo0A/vL68c45URozJBSPddJtJ8hqSlmZFL2UkUShEdoQHqGCsSJ8rN8/QSeGqUPo1iaEhrm6u+JDHGlxjw0nRzpoZr3puJ/Xi/V0ZWfUZGkmgg8WxSlDOoYTvOAfSoJ1mxsCMKSmr9CPEQSYW1SK5sQ3PmTF0n7vOpeVGt3tUr9poijBI7ACTgDLrgEdXALmqAFMHgEz+AVvFlP1ov1bn3MWpesYuYA/IH1+QOnIZZL</latexit>

C� = 0!



Why is this interesting ? Apparent UV/IR conspiracy!

Consider physicist at energy scales                              ⌧ MS ,ML.

<latexit sha1_base64="VIZq7YVE2ac5s6AjOEZ3Rhwb0+I=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBg4RECuqt6MWDhYr2A5oQNtttu3SzCbsboYT+DS8eFPHqn/Hmv3Hb5qCtDwYe780wMy9MOFPacb6twsrq2vpGcbO0tb2zu1feP2ipOJWENknMY9kJsaKcCdrUTHPaSSTFUchpOxzdTP32E5WKxeJRjxPqR3ggWJ8RrI3keZyjevBwVg/u7KBccWxnBrRM3JxUIEcjKH95vZikERWacKxU13US7WdYakY4nZS8VNEEkxEe0K6hAkdU+dns5gk6MUoP9WNpSmg0U39PZDhSahyFpjPCeqgWvan4n9dNdf/Sz5hIUk0FmS/qpxzpGE0DQD0mKdF8bAgmkplbERliiYk2MZVMCO7iy8ukdW67VfvqvlqpXedxFOEIjuEUXLiAGtxCA5pAIIFneIU3K7VerHfrY95asPKZQ/gD6/MHZn2Qow==</latexit>

Integrating out S and L gives:  

Le↵ � YLYRY
0
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c)

<latexit sha1_base64="wjZ+6lMoEZ80lWAlM4MqXmExtJM="></latexit>

Closing Higgs loop (and attaching photon for g-2), generate          and         
from quartically and quadratically divergent diagrams, respectively.  
The former is generated but the latter vanishes!                    

�Y`

<latexit sha1_base64="HlBW0BbQO+zeKDSpEBFtRw+MHyE=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoN6CevAYwTwku4TZSW8yZPbhTG8gLPkOLx4U8erHePNvnCR70MSChqKqm+4uP5FCo21/W4WV1bX1jeJmaWt7Z3evvH/Q1HGqODR4LGPV9pkGKSJooEAJ7UQBC30JLX94M/VbI1BaxNEDjhPwQtaPRCA4QyN57i1IZPSx64KU3XLFrtoz0GXi5KRCctS75S+3F/M0hAi5ZFp3HDtBL2MKBZcwKbmphoTxIetDx9CIhaC9bHb0hJ4YpUeDWJmKkM7U3xMZC7Ueh77pDBkO9KI3Ff/zOikGl14moiRFiPh8UZBKijGdJkB7QgFHOTaEcSXMrZQPmGIcTU4lE4Kz+PIyaZ5VnfPq1f15pXadx1EkR+SYnBKHXJAauSN10iCcPJFn8krerJH1Yr1bH/PWgpXPHJI/sD5/ADDUkb8=</latexit>

�aµ

<latexit sha1_base64="HJ7QWsOjTX5QJZParVdhoqEqUsU=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgKexKQL0F9eAxgnlAdgm9k9lkyMzsMg8hhPyGFw+KePVnvPk3TpI9aGJBQ1HVTXdXnHGmje9/e4W19Y3NreJ2aWd3b/+gfHjU0qlVhDZJylPViUFTziRtGmY47WSKgog5bcej25nffqJKs1Q+mnFGIwEDyRJGwDgpDO8oN4ChFwrbK1f8qj8HXiVBTiooR6NX/gr7KbGCSkM4aN0N/MxEE1CGEU6npdBqmgEZwYB2HZUgqI4m85un+MwpfZykypU0eK7+npiA0HosYtcpwAz1sjcT//O61iRX0YTJzBoqyWJRYjk2KZ4FgPtMUWL42BEgirlbMRmCAmJcTCUXQrD88ippXVSDWvX6oVap3+RxFNEJOkXnKECXqI7uUQM1EUEZekav6M2z3ov37n0sWgtePnOM/sD7/AGJ3JFi</latexit>

At intermediate energy scales                      ⌧ ML,& MS

<latexit sha1_base64="wqhkn/yioAzmNTsrgIzvxwbMouQ=">AAAB/XicbVBLSwMxGMzWV62v9XHzEiyCBym7UlBvRS8eFCraB3SXJZtm29AkuyRZoS7Fv+LFgyJe/R/e/Dem7R60dSAwmZmPfJkwYVRpx/m2CguLS8srxdXS2vrG5pa9vdNUcSoxaeCYxbIdIkUYFaShqWaknUiCeMhIKxxcjv3WA5GKxuJeDxPic9QTNKIYaSMF9p7HGLwJro+h19Mmxs3lLrDLTsWZAM4TNydlkKMe2F9eN8YpJ0JjhpTquE6i/QxJTTEjo5KXKpIgPEA90jFUIE6Un022H8FDo3RhFEtzhIYT9fdEhrhSQx6aJEe6r2a9sfif10l1dOZnVCSpJgJPH4pSBnUMx1XALpUEazY0BGFJza4Q95FEWJvCSqYEd/bL86R5UnGrlfPbarl2kddRBPvgABwBF5yCGrgCddAAGDyCZ/AK3qwn68V6tz6m0YKVz+yCP7A+fwDCDJQo</latexit>

integrating out only L gives                 

Le↵ � YRY
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SH D/ (He
c)

<latexit sha1_base64="68S9vJUfa6ApKRSC5w4wcGJgkAc="></latexit>

Closing Higgs and S loop calculable IR contribution                    is generated.                  
But now there is additional UV matching contribution that makes total  �aµ = 0!

<latexit sha1_base64="NjSTyDA8D6r9wXPByj/hvU+ou7E=">AAACB3icbVDLSsNAFJ34rPUVdSnIaBFclUQK6kIo6sJlBfuAJoTJ5LYdOnkwMxFK6M6Nv+LGhSJu/QV3/o3TNAttPXDhcM69M/ceP+FMKsv6NhYWl5ZXVktr5fWNza1tc2e3JeNUUGjSmMei4xMJnEXQVExx6CQCSOhzaPvD64nffgAhWRzdq1ECbkj6EesxSpSWPPPAyd/IBARj7NwAVwQTzwlTfIktfOiZFatq5cDzxC5IBRVoeOaXE8Q0DSFSlBMpu7aVKDcjQjHKYVx2UgkJoUPSh66mEQlBulm+wxgfayXAvVjoihTO1d8TGQmlHIW+7gyJGshZbyL+53VT1Tt3MxYlqYKITj/qpRyrGE9CwQETQBUfaUKoYHpXTAdEEKp0dGUdgj178jxpnVbtWvXirlapXxVxlNA+OkInyEZnqI5uUQM1EUWP6Bm9ojfjyXgx3o2PaeuCUczsoT8wPn8A3oWYAw==</latexit>

�aµ 6= 0

<latexit sha1_base64="3VfxBWgiyt1dCorWazth+BHUn20=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5JIQd0VdeGygn1AE8JketMOnUzizESoofgrblwo4tb/cOffOH0stPXAhcM593LvPWHKmdKO820VlpZXVteK66WNza3tHXt3r6mSTFJo0IQnsh0SBZwJaGimObRTCSQOObTCwdXYbz2AVCwRd3qYgh+TnmARo0QbKbAPvGvgmmASeHGGPQH32MGBXXYqzgR4kbgzUkYz1AP7y+smNItBaMqJUh3XSbWfE6kZ5TAqeZmClNAB6UHHUEFiUH4+uX6Ej43SxVEiTQmNJ+rviZzESg3j0HTGRPfVvDcW//M6mY7O/ZyJNNMg6HRRlHGsEzyOAneZBKr50BBCJTO3YtonklBtAiuZENz5lxdJ87TiVisXt9Vy7XIWRxEdoiN0glx0hmroBtVRA1H0iJ7RK3qznqwX6936mLYWrNnMPvoD6/MHpuSUEw==</latexit>

Introduction N. Arkani-Hamed and K. Harigaya  [arXiv:2106.01373]



Note that contribution to g-2 arises at higher order in                          MS ,ML :

<latexit sha1_base64="IXKdbWUMhwZ/BWO1KBM2NZzQbgw=">AAAB8HicbVDLSsNAFL2pr1pfVZduBovgQkoiBR+rohsXFirah7QhTKaTduhMEmYmQgn9CjcuFHHr57jzb5y2WWjrgQuHc+7l3nv8mDOlbfvbyi0tr6yu5dcLG5tb2zvF3b2mihJJaINEPJJtHyvKWUgbmmlO27GkWPictvzh9cRvPVGpWBQ+6FFMXYH7IQsYwdpIjzXv/gTVvNtLr1iyy/YUaJE4GSlBhrpX/Or2IpIIGmrCsVIdx461m2KpGeF0XOgmisaYDHGfdgwNsaDKTacHj9GRUXooiKSpUKOp+nsixUKpkfBNp8B6oOa9ifif10l0cO6mLIwTTUMyWxQkHOkITb5HPSYp0XxkCCaSmVsRGWCJiTYZFUwIzvzLi6R5WnYq5Yu7Sql6lcWRhwM4hGNw4AyqcAN1aAABAc/wCm+WtF6sd+tj1pqzspl9+APr8wcrkI9d</latexit>

) �aµ 6= 0

<latexit sha1_base64="dQK6l9peM5hiS3kSQays51zN96s=">AAACCHicbVA9SwNBEN2L3/EramnhYhCswp0E1C6ohaWKUSEXwtxmkizZ2zt355QQUtr4V2wsFLH1J9j5b9zEFH49GHi8N8PMvChV0pLvf3i5icmp6ZnZufz8wuLScmFl9cImmRFYFYlKzFUEFpXUWCVJCq9SgxBHCi+j7uHQv7xBY2Wiz6mXYj2GtpYtKYCc1ChshGey3SEwJrnl4REqAg6NMM54qPGa+41C0S/5I/C/JBiTIhvjpFF4D5uJyGLUJBRYWwv8lOp9MCSFwkE+zCymILrQxpqjGmK09f7okQHfckqTtxLjShMfqd8n+hBb24sj1xkDdexvbyj+59Uyau3V+1KnGaEWX4tameKU8GEqvCkNClI9R0AY6W7logMGBLns8i6E4PfLf8nFTikol/ZPy8XKwTiOWbbONtk2C9guq7BjdsKqTLA79sCe2LN37z16L97rV2vOG8+ssR/w3j4BhfSZBg==</latexit>

Introduction 
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<latexit sha1_base64="/31eefFrJGmJRdbfbd0FKGFZkeg="></latexit>

C 0
� 6= 0

<latexit sha1_base64="NBnh+pmL5yHNUAAIz18EKLg3KHM=">AAAB+nicbVDLSgNBEJz1GeMr0aOXwSB6CrsSUG/BXDxGMA9IlqV3MpsMmZldZ2aVsOZTvHhQxKtf4s2/cfI4aGJBQ1HVTXdXmHCmjet+Oyura+sbm7mt/PbO7t5+oXjQ1HGqCG2QmMeqHYKmnEnaMMxw2k4UBRFy2gqHtYnfeqBKs1jemVFCfQF9ySJGwFgpKBRrp0G3D0IAxl1J77EbFEpu2Z0CLxNvTkpojnpQ+Or2YpIKKg3hoHXHcxPjZ6AMI5yO891U0wTIEPq0Y6kEQbWfTU8f4xOr9HAUK1vS4Kn6eyIDofVIhLZTgBnoRW8i/ud1UhNd+hmTSWqoJLNFUcqxifEkB9xjihLDR5YAUczeiskAFBBj08rbELzFl5dJ87zsVcpXt5VS9XoeRw4doWN0hjx0garoBtVRAxH0iJ7RK3pznpwX5935mLWuOPOZQ/QHzucPQSuSuQ==</latexit>

with

can be understood from integrand being total derivative 
(but depends on labelling of loop momenta).  

<latexit sha1_base64="MPesl+OiUFcnlZ3OCTmbVRskINo=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHqpiRS1I1Q1IXLCvYBTQyT6aQdOpMJMxOhhC7c+CtuXCji1o9w5984bbPQ1gMXDufcy733hAmjSjvOt7W0vLK6tl7YKG5ube/s2nv7LSVSiUkTCyZkJ0SKMBqTpqaakU4iCeIhI+1weDXx2w9EKiriOz1KiM9RP6YRxUgbKbBL3jVhGkEUeDy9zyqe5JCJ4zG8gE5gl52qMwVcJG5OyiBHI7C/vJ7AKSexxgwp1XWdRPsZkppiRsZFL1UkQXiI+qRraIw4UX42fWIMj4zSg5GQpmINp+rviQxxpUY8NJ0c6YGa9ybif1431dG5n9E4STWJ8WxRlDKoBZwkAntUEqzZyBCEJTW3QjxAEmFtciuaENz5lxdJ66TqnlZrt7Vy/TKPowBK4BBUgAvOQB3cgAZoAgwewTN4BW/Wk/VivVsfs9YlK585AH9gff4AdO6WsA==</latexit>

�a(lo)µ = 0

N. Arkani-Hamed and K. Harigaya  [arXiv:2106.01373]

Can also be understood from an exchange symmetry.  

N. Craig, I. G. Garcia, A. Vainshtein and Z. Zhang  [arXiv:2112.05770]

Here will explain also with exchange symmetry using amplitude methods. 



Outline 

• Amplitudes, spinor-helicity variables

• Loops from amplitudes

• g-2 from vector-like fermions S and L

• g-2 from vector-like fermions E and L

• Conclusions

• hγγ from vector-like fermions E and L



Instead of Lagrangian, define theory by particle content  
and certain on-shell building-blocks amplitudes.

The other tree-level amplitudes can be constructed from the 
building-blocks by requiring proper factorisation.

lim
s!0

s⇥

<latexit sha1_base64="LfsHqO57J/+UGU2tQFfFQZEv630=">AAACEXicbVC7TsMwFHXKq5RXgJHFokLqgKoEVQK2ChbGItGH1ESR47qtVech+wZURf0FFn6FhQGEWNnY+BucNAO0HNny0Tn36voePxZcgWV9G6WV1bX1jfJmZWt7Z3fP3D/oqCiRlLVpJCLZ84ligoesDRwE68WSkcAXrOtPrjO/e8+k4lF4B9OYuQEZhXzIKQEteWbNETzwUoUdyUdjIFJGD9iaYec0Oyp/gQdMeWbVqls58DKxC1JFBVqe+eUMIpoELAQqiFJ924rBTYkETgWbVZxEsZjQCRmxvqYh0UPcNN9ohk+0MsDDSOobAs7V3x0pCZSaBr6uDAiM1aKXif95/QSGF27KwzgBFtL5oGEiMEQ4iwcPuGQUxFQTQiXXf8V0TCShoEOs6BDsxZWXSeesbjfql7eNavOqiKOMjtAxqiEbnaMmukEt1EYUPaJn9IrejCfjxXg3PualJaPoOUR/YHz+AB05m+0=</latexit>

=

<latexit sha1_base64="J/wzsS3rFQoBbzuLmGotn6iaI5A=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKQD0IQS8eEzAPSJYwO+lNxszOLjOzQgj5Ai8eFPHqJ3nzb5wke9DEgoaiqpvuriARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0d3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7TK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPInXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZa9Svq5XStXbLI48nMApnIMHl1CFe6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCQrYzN</latexit>

⇥

<latexit sha1_base64="jGewJ4HH/ZGEh9ExzOqqFImBYXg=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsB/QhrLZbtq1m03YnQgl9D948aCIV/+PN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVWj0UETf9csWtunOQVeLlpAI5Gv3yV28QszTiCpmkxnQ9N0E/oxoFk3xa6qWGJ5SN6ZB3LVXULvGz+bVTcmaVAQljbUshmau/JzIaGTOJAtsZURyZZW8m/ud1Uwyv/EyoJEWu2GJRmEqCMZm9TgZCc4ZyYgllWthbCRtRTRnagEo2BG/55VXSuqh6ter1fa1Sv8njKMIJnMI5eHAJdbiDBjSBwSM8wyu8ObHz4rw7H4vWgpPPHMMfOJ8/uguPQA==</latexit>

For example: building-block amplitudes

Amplitude methods



Write momenta as p↵↵̇ = pµ�
µ
↵↵̇ =

✓
p0 + p3 p1 � ip2
p1 + ip2 p0 � p3

◆

<latexit sha1_base64="eHORwCS5o8mZqKYLI2111cIzThk="></latexit>

For massless on-shell particles: det p = pµp
µ = 0

<latexit sha1_base64="lXR8fz49IKaDXD0/zca8hOex5Vk=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCqzIjBXVRKLpxWcE+oDMOmUymDU1mQpIRSqkbf8WNC0Xc+hfu/Bsz7Sy09cC9HM65l+SeUDCqtON8W0vLK6tr66WN8ubW9s6uvbffVmkmMWnhlKWyGyJFGE1IS1PNSFdIgnjISCccXud+54FIRdPkTo8E8TnqJzSmGGkjBfahFxENBaxDEXg8g+I+73XoBHbFqTpTwEXiFqQCCjQD+8uLUpxxkmjMkFI91xHaHyOpKWZkUvYyRQTCQ9QnPUMTxInyx9MLJvDEKBGMU2kq0XCq/t4YI67UiIdmkiM9UPNeLv7n9TIdX/hjmohMkwTPHoozBnUK8zhgRCXBmo0MQVhS81eIB0girE1oZROCO3/yImmfVd1a9fK2VmlcFXGUwBE4BqfABeegAW5AE7QABo/gGbyCN+vJerHerY/Z6JJV7ByAP7A+fwDLnpUz</latexit>

)

<latexit sha1_base64="4wBvpVznjABNZuf+wx1UgGItNas=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF49V7AekoWy2m3bpZjfsTpRS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KBXcoOd9O4WV1bX1jeJmaWt7Z3evvH/QNCrTlDWoEkq3I2KY4JI1kKNg7VQzkkSCtaLhzdRvPTJtuJIPOEpZmJC+5DGnBK0UdO55f4BEa/XULVe8qjeDu0z8nFQgR71b/ur0FM0SJpEKYkzgeymGY6KRU8EmpU5mWErokPRZYKkkCTPheHbyxD2xSs+NlbYl0Z2pvyfGJDFmlES2MyE4MIveVPzPCzKML8Mxl2mGTNL5ojgTLip3+r/b45pRFCNLCNXc3urSAdGEok2pZEPwF19eJs2zqn9evbo7r9Su8ziKcATHcAo+XEANbqEODaCg4Ble4c1B58V5dz7mrQUnnzmEP3A+fwCU+5F5</latexit>

Can write: p↵↵̇ = �↵�̃↵̇ = |pi[p|

<latexit sha1_base64="T9fcaDsFEoEPwqpq1SebpJ6b6dA="></latexit>

�↵ = (�̃↵̇)
⇤ =

✓p
p0 + p3
p1+i p2p
p0+p3

◆

<latexit sha1_base64="IJ9ykON4cUuojoDXzOXc99Is79Y="></latexit>

For real momenta:

But useful to keep momenta complex! ) �↵ 6= (�̃↵̇)
⇤

<latexit sha1_base64="akM6jgJtyvKbtc8Ej2WgulWviLE="></latexit>

Spinor-helicity variables



Little group ISO(2) acts as simple rescaling

|p] ! t�1|p]

<latexit sha1_base64="9Bp0PGevG0eVVeuIlLkxM8Ss5L0=">AAACB3icbVBNS8NAEN3Ur1q/oh4FWSyCF0siBfVW9OKxgv2ANpbNdtMu3WTD7kQpsTcv/hUvHhTx6l/w5r9xm/agrQ8GHu/NMDPPjwXX4DjfVm5hcWl5Jb9aWFvf2Nyyt3fqWiaKshqVQqqmTzQTPGI14CBYM1aMhL5gDX9wOfYbd0xpLqMbGMbMC0kv4gGnBIzUsfcfcIw93Fa81weilLzHcJseuyOcGR276JScDHieuFNSRFNUO/ZXuytpErIIqCBat1wnBi8lCjgVbFRoJ5rFhA5Ij7UMjUjItJdmf4zwoVG6OJDKVAQ4U39PpCTUehj6pjMk0Nez3lj8z2slEJx5KY/iBFhEJ4uCRGCQeBwK7nLFKIihIYQqbm7FtE8UoWCiK5gQ3NmX50n9pOSWS+fX5WLlYhpHHu2hA3SEXHSKKugKVVENUfSIntErerOerBfr3fqYtOas6cwu+gPr8wf/JZgi</latexit>

|pi ! t |pi

<latexit sha1_base64="Nj4wxuBwXwFoq44G8mIJXBBNLbA=">AAACEHicbVDLSgMxFM34rPVVdekmWEQXUmakoO6KblxWsA/olJJJM21oJhmSO0pp+wlu/BU3LhRx69Kdf2PaDqKtBy73cM69JPcEseAGXPfLWVhcWl5Zzaxl1zc2t7ZzO7tVoxJNWYUqoXQ9IIYJLlkFOAhWjzUjUSBYLehdjf3aHdOGK3kL/Zg1I9KRPOSUgJVauaNhjH1NZEcw23mnC0RrdY8B+yd4iH/MVi7vFtwJ8DzxUpJHKcqt3KffVjSJmAQqiDENz42hOSAaOBVslPUTw2JCe6TDGpZKEjHTHEwOGuFDq7RxqLQtCXii/t4YkMiYfhTYyYhA18x6Y/E/r5FAeN4ccBknwCSdPhQmAoPC43Rwm2tGQfQtIVRz+1dMu0QTCjbDrA3Bmz15nlRPC16xcHFTzJcu0zgyaB8doGPkoTNUQteojCqIogf0hF7Qq/PoPDtvzvt0dMFJd/bQHzgf33xynEA=</latexit>

Scattering amplitude transforms as 

A(1h1 . . . nhn) = ✏h1
µ1

. . . ✏hn
µn

Aµ1...µn !
Y

i

t�2hi
i A(1h1 . . . nhn)

<latexit sha1_base64="PmjOW+Ez+buL0AY9YfHcBxM9FPM="></latexit>

polarisation vectors 

with helicity for massless vectors, 

for massless fermions, 

hi =

8
><

>:

± 1
2

±1

±2

<latexit sha1_base64="eeXvyzZqdyjn0/4rW0AFH38M4yE=">AAACKXicbVDLSgMxFM3UV62vUZdugkVwVWZKQV0IRTcuK9gHdErJpHfa0ExmSDJCGfo7bvwVNwqKuvVHTKcjaOuBwMk5997kHj/mTGnH+bAKK6tr6xvFzdLW9s7unr1/0FJRIik0acQj2fGJAs4ENDXTHDqxBBL6HNr++Hrmt+9BKhaJOz2JoReSoWABo0QbqW/XR312iT0fhkyk1AxSU+zFIfYCSWjqTtOquXuZ5P6QKvZADPLqvl12Kk4GvEzcnJRRjkbffvEGEU1CEJpyolTXdWLdS4nUjHKYlrxEQUzomAyha6ggIahemm06xSdGGeAgkuYIjTP1d0dKQqUmoW8qQ6JHatGbif953UQH572UiTjRIOj8oSDhWEd4FhseMAlU84khhEpm/orpiJiMtAm3ZEJwF1deJq1qxa1VLm5r5fpVHkcRHaFjdIpcdIbq6AY1UBNR9ICe0Ct6sx6tZ+vd+pyXFqy85xD9gfX1DbEXpa8=</latexit>

for gravitons. 

Amplitudes expressed in terms of building blocks:

�̃i↵̇�̃j�̇ ✏
↵̇�̇ ⌘ [ij]

<latexit sha1_base64="LgW9ops6/bShOtnzrYVVSZeBK70="></latexit>

�i↵�j� ✏
↵� ⌘ hiji

<latexit sha1_base64="ymL0aMF+rUlSByjqDXUa+uGBTNs="></latexit>



This scaling fixes all 3-point amplitudes. For example for SM:

 

Requiring proper factorisation one for example finds:

l̄

<latexit sha1_base64="ct4MJEsHn5f2OH4rhl3TEEZGaOc=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUL0VvXisYD+gDWWy3bRLN5uwuxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TRVmLxiJW3QA1E1yyluFGsG6iGEaBYJ1gcjf3O09MaR7LRzNNmB/hSPKQUzRW6vQDVJmYDcoVt+ouQNaJl5MK5GgOyl/9YUzTiElDBWrd89zE+Bkqw6lgs1I/1SxBOsER61kqMWLazxbnzsiFVYYkjJUtachC/T2RYaT1NApsZ4RmrFe9ufif10tNeO1nXCapYZIuF4WpICYm89/JkCtGjZhaglRxeyuhY1RIjU2oZEPwVl9eJ+2rqler3jzUKo3bPI4inME5XIIHdWjAPTShBRQm8Ayv8OYkzovz7nwsWwtOPnMKf+B8/gCVnI/B</latexit>



Spinor-helicity variables for massive particles
For massive particles:

p↵↵̇ = ✏IJ |piI↵[p|J↵̇ = |piI↵[p|↵̇ I

<latexit sha1_base64="F55Pw+6SWt3a3c6MFvvpJz2gkl4="></latexit>

I, J = 1, 2

<latexit sha1_base64="90fOcNWbDAvMx1m1z7cI+7di+Lo=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSJ4KGW3FNSDUPSinirYD2iXkk2zbWiSXZKsUJb+CC8eFPHq7/HmvzFt96CtDwYe780wMy+IOdPGdb+dldW19Y3N3FZ+e2d3b79wcNjUUaIIbZCIR6odYE05k7RhmOG0HSuKRcBpKxjdTP3WE1WaRfLRjGPqCzyQLGQEGyu17kr3V16p0isU3bI7A1omXkaKkKHeK3x1+xFJBJWGcKx1x3Nj46dYGUY4neS7iaYxJiM8oB1LJRZU++ns3Ak6tUofhZGyJQ2aqb8nUiy0HovAdgpshnrRm4r/eZ3EhBd+ymScGCrJfFGYcGQiNP0d9ZmixPCxJZgoZm9FZIgVJsYmlLcheIsvL5NmpexVy5cP1WLtOosjB8dwAmfgwTnU4Bbq0AACI3iGV3hzYufFeXc+5q0rTjZzBH/gfP4AbYeOVw==</latexit>

indices under little group SU(2).

p|p]I = M |piI , p|piI = M |p]I

<latexit sha1_base64="4zfRVsFALmfucBuJU/wW5KnT+YI="></latexit>

Satisfy Dirac equation:

For internal particles, SU(2) indices contracted. Useful identities e.g.:

|piI = |pi |p]I = |p]

<latexit sha1_base64="hMWvOacuc0EIfLJ1iMlUMtfBpSc=">AAACL3icbVDbSsMwGE49O09VL735cQhejVYE9UIYCqJ3E9wB1jrSLJ3BNK1JKoy6N/LGV9mNiCLe+hamWxVPPyR8fAeS/wsSzpR2nCdrYnJqemZ2br60sLi0vGKvrjVUnEpC6yTmsWwFWFHOBK1rpjltJZLiKOC0GVwf53rzlkrFYnGh+wn1I9wTLGQEa0N17JM7SMCTWPQ4hcszOIQ7gMwLQkgGX7x3k+JucUMe8Avnp9Hv2GWn4owG/gK3AGVUTK1jD71uTNKICk04VqrtOon2Myw1I5wOSl6qaILJNe7RtoECR1T52WjfAWwZpgthLM0RGkbs90SGI6X6UWCcEdZX6reWk/9p7VSH+37GRJJqKsj4oTDloGPIy4Muk5Ro3jcAE8nMX4FcYYmJNhWXTAnu75X/gsZOxd2tHJzvlqtHRR1zaANtom3koj1URaeohuqIoHs0RM/oxXqwHq1X621snbCKzDr6Mdb7Bxs5phU=</latexit>

N. Arkani-Hamed, T.-C. Huang, Y.-t. Huang  [1709.04891]

Often suppress SU(2) indices and use bold variables for massive particles: 

|piI↵[�p|↵̇ I = p↵↵̇ |piI↵ h�p|�I = M��↵

<latexit sha1_base64="bHrZXcYtaGV1NpqqTJPywKJR/Kc="></latexit>



Starting point: Passarino-Veltman decomposition

with master integrals given by
rational term

I(a)2

<latexit sha1_base64="5MFLtAzixBvWhhzndZDcLSVpjSs=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSLUS9ktBfVW9KK3CvZD2rVk02wbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOuDgcd7M8zMC2LOtHHdb2dldW19YzO3ld/e2d3bLxwcNnWUKEIbJOKRagdYU84kbRhmOG3HimIRcNoKRtdTv/VElWaRvDfjmPoCDyQLGcHGSg+3vcpjWsJnk16h6JbdGdAy8TJShAz1XuGr249IIqg0hGOtO54bGz/FyjDC6STfTTSNMRnhAe1YKrGg2k9nB0/QqVX6KIyULWnQTP09kWKh9VgEtlNgM9SL3lT8z+skJrzwUybjxFBJ5ovChCMToen3qM8UJYaPLcFEMXsrIkOsMDE2o7wNwVt8eZk0K2WvWr68qxZrV1kcOTiGEyiBB+dQgxuoQwMICHiGV3hzlPPivDsf89YVJ5s5gj9wPn8AxZaPwg==</latexit>

I(a)3

<latexit sha1_base64="XeKi2xBuHOTCB/vip3TKzCBByi8=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSLUS9nVgnoretFbBfsh7VqyabYNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut7O0vLK6tp7byG9ube/sFvb2GzpKFKF1EvFItQKsKWeS1g0znLZiRbEIOG0Gw+uJ33yiSrNI3ptRTH2B+5KFjGBjpYfb7tljWsIn426h6JbdKdAi8TJShAy1buGr04tIIqg0hGOt254bGz/FyjDC6TjfSTSNMRniPm1bKrGg2k+nB4/RsVV6KIyULWnQVP09kWKh9UgEtlNgM9Dz3kT8z2snJrzwUybjxFBJZovChCMTocn3qMcUJYaPLMFEMXsrIgOsMDE2o7wNwZt/eZE0TstepXx5VylWr7I4cnAIR1ACD86hCjdQgzoQEPAMr/DmKOfFeXc+Zq1LTjZzAH/gfP4AxyCPww==</latexit>

I(a)4

<latexit sha1_base64="MYKXEryolNkhHqhbCs4UmBUSZwg=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsquFNRb0YveKtgPadeSTbNtaJJdkqxQlv4KLx4U8erP8ea/MW33oK0PBh7vzTAzL4g508Z1v53cyura+kZ+s7C1vbO7V9w/aOooUYQ2SMQj1Q6wppxJ2jDMcNqOFcUi4LQVjK6nfuuJKs0ieW/GMfUFHkgWMoKNlR5ue9XHtIxPJ71iya24M6Bl4mWkBBnqveJXtx+RRFBpCMdadzw3Nn6KlWGE00mhm2gaYzLCA9qxVGJBtZ/ODp6gE6v0URgpW9Kgmfp7IsVC67EIbKfAZqgXvan4n9dJTHjhp0zGiaGSzBeFCUcmQtPvUZ8pSgwfW4KJYvZWRIZYYWJsRgUbgrf48jJpnlW8auXyrlqqXWVx5OEIjqEMHpxDDW6gDg0gIOAZXuHNUc6L8+58zFtzTjZzCH/gfP4AyKqPxA==</latexit>

Aloop =
X

a

C(a)
1 I(a)1 +

X

b

C(b)
2 I(b)2 +

X

c

C(c)
3 I(c)3 +

X

d

C(d)
4 I(d)4 +R

<latexit sha1_base64="2dEHfiW+j3/Aj9mmx6wA3GqG16s="></latexit>

In = (�1)nµ4�D

Z
dD`

i(2⇡)D
1

(`2 �M2
0 ) ((`� P1)2 �M2

1 ) ((`� P1 � P2)2 �M2
2 ) · · ·

<latexit sha1_base64="1HQAGvK2Ac6YXhJJx1qJQ7UcyQM="></latexit>

I(a)1

<latexit sha1_base64="81boHcD3DUVkHgxFosrrWYVYBOQ=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsquFNRb0YveKtgPadeSTbNtaJJdkqxQlv4KLx4U8erP8ea/MW33oK0PBh7vzTAzL4g508Z1v53cyura+kZ+s7C1vbO7V9w/aOooUYQ2SMQj1Q6wppxJ2jDMcNqOFcUi4LQVjK6nfuuJKs0ieW/GMfUFHkgWMoKNlR5ue95jWsank16x5FbcGdAy8TJSggz1XvGr249IIqg0hGOtO54bGz/FyjDC6aTQTTSNMRnhAe1YKrGg2k9nB0/QiVX6KIyULWnQTP09kWKh9VgEtlNgM9SL3lT8z+skJrzwUybjxFBJ5ovChCMToen3qM8UJYaPLcFEMXsrIkOsMDE2o4INwVt8eZk0zypetXJ5Vy3VrrI48nAEx1AGD86hBjdQhwYQEPAMr/DmKOfFeXc+5q05J5s5hD9wPn8AxAyPwQ==</latexit>

Loops from amplitudes

boxtrianglebubbletadpole



Coefficients         can be obtained by performing (generalized) unitarity cuts 
on both sides of above relation. 

R. Britto, F. Cachazo, B. Feng  [arXiv:hep-th/0412103]
D. Forde [arXiv:0704.1835]

and others

Each cut puts internal particle on-shell. E.g. 4-cut:

<latexit sha1_base64="KzqSBOOS6/5ZzzUZxzbDey3xLVo="></latexit>

⇠
X

a

C(a)
1 I(a)1 +

X

b

C(b)
2 I(b)2 +

X

c

C(c)
3 I(c)3 +

X

d

C(d)
4 I(d)4 +R

Similarly,          and           obtained from 2- and 3-cuts (after subtracting  
contributions from triangles and boxes).    

<latexit sha1_base64="yq8+AEyysVGNcxIzXb1nAYF0KHY=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSLUS9ktRT0We/FYwX5Iu5Zsmm1Dk+ySZIWy9Fd48aCIV3+ON/+NabsHbX0w8Hhvhpl5QcyZNq777aytb2xubed28rt7+weHhaPjlo4SRWiTRDxSnQBrypmkTcMMp51YUSwCTtvBuD7z209UaRbJezOJqS/wULKQEWys9FDvVx7TUnAx7ReKbtmdA60SLyNFyNDoF756g4gkgkpDONa667mx8VOsDCOcTvO9RNMYkzEe0q6lEguq/XR+8BSdW2WAwkjZkgbN1d8TKRZaT0RgOwU2I73szcT/vG5iwms/ZTJODJVksShMODIRmn2PBkxRYvjEEkwUs7ciMsIKE2MzytsQvOWXV0mrUvYuy9W7arF2k8WRg1M4gxJ4cAU1uIUGNIGAgGd4hTdHOS/Ou/OxaF1zspkT+APn8we84o+6</latexit>

C(b)
2

<latexit sha1_base64="Qb53SOeE5ah5I9J4J8f/gwtqlLU=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSLUS9nVoh6LvXisYD+kXUs2zbahSXZJskJZ+iu8eFDEqz/Hm//GtN2Dtj4YeLw3w8y8IOZMG9f9dlZW19Y3NnNb+e2d3b39wsFhU0eJIrRBIh6pdoA15UzShmGG03asKBYBp61gVJv6rSeqNIvkvRnH1Bd4IFnICDZWeqj1Lh7TEjmb9ApFt+zOgJaJl5EiZKj3Cl/dfkQSQaUhHGvd8dzY+ClWhhFOJ/luommMyQgPaMdSiQXVfjo7eIJOrdJHYaRsSYNm6u+JFAutxyKwnQKboV70puJ/Xicx4bWfMhknhkoyXxQmHJkITb9HfaYoMXxsCSaK2VsRGWKFibEZ5W0I3uLLy6R5XvYuy5W7SrF6k8WRg2M4gRJ4cAVVuIU6NICAgGd4hTdHOS/Ou/Mxb11xspkj+APn8we/8o+8</latexit>

C(c)
3

<latexit sha1_base64="uWT7zKmkoyWS0FJhT9+vtDqw1H0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GOxF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7G9ZnffuLaiFg94iThfkSHSoSCUbTSQ72v+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieONnQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1buqXt5fVmq3eRxFOIFTOAcPrqEGd9CAJjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AEaVI2x</latexit>

Cn



Coefficients         can be obtained by performing (generalized) unitarity cuts 
on both sides of above relation. 

R. Britto, F. Cachazo, B. Feng  [arXiv:hep-th/0412103]
D. Forde [arXiv:0704.1835]

and others

Each cut puts internal particle on-shell. E.g. 4-cut:

<latexit sha1_base64="euxNASeNdjdPl+RuMQcw8RupdxI=">AAACN3icbZDLSsNAFIYnXmu9RV26GSyCq5LUoi6rblxJBXuBJoTJZNIOnUnCzEQooW/lxtdwpxsXirj1DZy0WdjLDwM/3zmHOef3E0alsqw3Y2V1bX1js7RV3t7Z3ds3Dw7bMk4FJi0cs1h0fSQJoxFpKaoY6SaCIO4z0vGHt3m980SEpHH0qEYJcTnqRzSkGCmNPPPekZRDhyM1wIhl12PPhg4OYjXDakvY+RJW98yKVbUmgovGLkwFFGp65qsTxDjlJFKYISl7tpUoN0NCUczIuOykkiQID1Gf9LSNECfSzSZ3j+GpJgEMY6FfpOCE/p/IEJdyxH3dmS8p52s5XFbrpSq8cjMaJakiEZ5+FKYMqhjmIcKACoIVG2mDsKB6V4gHSCCsdNRlHYI9f/Kiadeq9kW1/lCvNG6KOErgGJyAM2CDS9AAd6AJWgCDZ/AOPsGX8WJ8GN/Gz7R1xShmjsCMjN8/jDesWQ==</latexit>

⇠ A1 · A2 · A3 · A4

<latexit sha1_base64="KzqSBOOS6/5ZzzUZxzbDey3xLVo="></latexit>

⇠
X

a

C(a)
1 I(a)1 +

X

b

C(b)
2 I(b)2 +

X

c

C(c)
3 I(c)3 +

X

d

C(d)
4 I(d)4 +R

projects to one 
<latexit sha1_base64="hICz3gNfANIYx/8gQyuuUv1UT0I=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY7MVjBfsh7Vqy2bQNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaDcX3mt5+o0iyS92YSU1/goWQDRrCx0kO9X31My+H5tF8suRV3DrRKvIyUIEOjX/zqhRFJBJWGcKx113Nj46dYGUY4nRZ6iaYxJmM8pF1LJRZU++n84Ck6s0qIBpGyJQ2aq78nUiy0nojAdgpsRnrZm4n/ed3EDK79lMk4MVSSxaJBwpGJ0Ox7FDJFieETSzBRzN6KyAgrTIzNqGBD8JZfXiWti4p3WaneVUu1myyOPJzAKZTBgyuowS00oAkEBDzDK7w5ynlx3p2PRWvOyWaO4Q+czx/DAo++</latexit>

C(d)
4

Similarly,          and           obtained from 2- and 3-cuts (after subtracting  
contributions from triangles and boxes).    

<latexit sha1_base64="yq8+AEyysVGNcxIzXb1nAYF0KHY=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSLUS9ktRT0We/FYwX5Iu5Zsmm1Dk+ySZIWy9Fd48aCIV3+ON/+NabsHbX0w8Hhvhpl5QcyZNq777aytb2xubed28rt7+weHhaPjlo4SRWiTRDxSnQBrypmkTcMMp51YUSwCTtvBuD7z209UaRbJezOJqS/wULKQEWys9FDvVx7TUnAx7ReKbtmdA60SLyNFyNDoF756g4gkgkpDONa667mx8VOsDCOcTvO9RNMYkzEe0q6lEguq/XR+8BSdW2WAwkjZkgbN1d8TKRZaT0RgOwU2I73szcT/vG5iwms/ZTJODJVksShMODIRmn2PBkxRYvjEEkwUs7ciMsIKE2MzytsQvOWXV0mrUvYuy9W7arF2k8WRg1M4gxJ4cAU1uIUGNIGAgGd4hTdHOS/Ou/OxaF1zspkT+APn8we84o+6</latexit>

C(b)
2

<latexit sha1_base64="Qb53SOeE5ah5I9J4J8f/gwtqlLU=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSLUS9nVoh6LvXisYD+kXUs2zbahSXZJskJZ+iu8eFDEqz/Hm//GtN2Dtj4YeLw3w8y8IOZMG9f9dlZW19Y3NnNb+e2d3b39wsFhU0eJIrRBIh6pdoA15UzShmGG03asKBYBp61gVJv6rSeqNIvkvRnH1Bd4IFnICDZWeqj1Lh7TEjmb9ApFt+zOgJaJl5EiZKj3Cl/dfkQSQaUhHGvd8dzY+ClWhhFOJ/luommMyQgPaMdSiQXVfjo7eIJOrdJHYaRsSYNm6u+JFAutxyKwnQKboV70puJ/Xicx4bWfMhknhkoyXxQmHJkITb9HfaYoMXxsCSaK2VsRGWKFibEZ5W0I3uLLy6R5XvYuy5W7SrF6k8WRg2M4gRJ4cAVVuIU6NICAgGd4hTdHOS/Ou/Mxb11xspkj+APn8we/8o+8</latexit>

C(c)
3

<latexit sha1_base64="uWT7zKmkoyWS0FJhT9+vtDqw1H0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GOxF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7G9ZnffuLaiFg94iThfkSHSoSCUbTSQ72v+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieONnQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1buqXt5fVmq3eRxFOIFTOAcPrqEGd9CAJjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AEaVI2x</latexit>

Cn



Le↵ � C�

M2
qe `↵e�HF

↵�

<latexit sha1_base64="sWnUhTbjW2hLLBAHL4t1Za8e3V0="></latexit>

Operator in EFT for                             :                                                            MS ,ML � vEW

<latexit sha1_base64="3byKrzsQpXSfVQlOrj+NlSBbnMI=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgopRECuquKIILCxXtA5oQJtNJOnTyYGZSKKErN/6KGxeKuPUb3Pk3TtostPXA5R7OuZeZe9yYUSEN41srLC2vrK4V10sbm1vbO/ruXltECcekhSMW8a6LBGE0JC1JJSPdmBMUuIx03OFV5ndGhAsahQ9yHBM7QH5IPYqRVJKjHzac+wpsOLfQqkDL97M2clKLB/C6M3H0slE1poCLxMxJGeRoOvqX1Y9wEpBQYoaE6JlGLO0UcUkxI5OSlQgSIzxEPukpGqKACDudnjGBx0rpQy/iqkIJp+rvjRQFQowDV00GSA7EvJeJ/3m9RHrndkrDOJEkxLOHvIRBGcEsE9innGDJxoogzKn6K8QDxBGWKrmSCsGcP3mRtE+rZq16cVcr1y/zOIrgAByBE2CCM1AHN6AJWgCDR/AMXsGb9qS9aO/ax2y0oOU7++APtM8fcW+Wmg==</latexit>

C�

M2
AD(1`, 2e, 3�� , 4H0) =

C�

M2
qe h13ih23i

<latexit sha1_base64="Pf1LjhZ409pW7HdI4N0FYVGiQkU="></latexit>

Gives rise to amplitude                       

C� =
1

AOD

lim
Pi
M !0

M2

 
X

a

C(a)
1 I(a)1 +

X

b

C(b)
2 I(b)2 +

X

c

C(c)
3 I(c)3 +

X

d

C(d)
4 I(d)4 +R

!

<latexit sha1_base64="SDgjxra2VWeLqdjlNamPnY3swDk="></latexit>

Obtain Wilson coefficient        via               C�

<latexit sha1_base64="lLCWDOX/bn46QBEFdkhVuolCcEI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLdiLx4r2A9oQ5lsN+3S3U3c3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5YcKZNp737RTW1jc2t4rbpZ3dvf2D8uFRS8epIrRJYh6rToiaciZp0zDDaSdRFEXIaTsc12d++4kqzWL5YCYJDQQOJYsYQWOlTr3fG6IQ2C9XvKo3h7tK/JxUIEejX/7qDWKSCioN4ah11/cSE2SoDCOcTku9VNMEyRiHtGupREF1kM3vnbpnVhm4UaxsSePO1d8TGQqtJyK0nQLNSC97M/E/r5ua6DrImExSQyVZLIpS7prYnT3vDpiixPCJJUgUs7e6ZIQKibERlWwI/vLLq6R1UfUvqzf3l5XabR5HEU7gFM7BhyuowR00oAkEODzDK7w5j86L8+58LFoLTj5zDH/gfP4Azk+P1w==</latexit>

g-2 from vector-like fermions S and L



Important simplification: Set                               AD(1`, 2e, 3�� , 4H0) = qe h13ih23i

<latexit sha1_base64="/3jbIzYFEEKfdaixfUsenH0ivnU="></latexit>

) C4 ⌘ 0

<latexit sha1_base64="+khGrEElKpXlcytYgiFI4r1sq74=">AAACDnicbVC7TsMwFHV4lvIKMLJYVJWYqgRVAraKLowF0YfUVJHj3LZWHSfYTlEV9QtY+BUWBhBiZWbjb3AfA7Qc6UpH59xr33uChDOlHefbWlldW9/YzG3lt3d29/btg8OGilNJoU5jHstWQBRwJqCumebQSiSQKODQDAbVid8cglQsFnd6lEAnIj3BuowSbSTfLnrTNzIJ4Rh7t6zX10TK+AFX/TL24D5lQ+xg3y44JWcKvEzcOSmgOWq+/eWFMU0jEJpyolTbdRLdyYjUjHIY571UQULogPSgbaggEahONl1ljItGCXE3lqaExlP190RGIqVGUWA6I6L7atGbiP957VR3LzoZE0mqQdDZR92UYx3jSTY4ZBKo5iNDCJXM7Ippn0hCtUkwb0JwF09eJo2zklsuXd6UC5WreRw5dIxO0Cly0TmqoGtUQ3VE0SN6Rq/ozXqyXqx362PWumLNZ47QH1ifPyt3m4g=</latexit>

(no boxes)         

Only possible triangles arise from cutting one massive and two 
massless internal lines. Absence of IR divergencies 

) C3 ⌘ 0

<latexit sha1_base64="5Z62ZZEnp3GX67RJ7QOE2/ZFiTM=">AAACDXicbVC7TsMwFHXKq5RXgZHFoiAxVQlUAraKLowF0YfURJHj3LRWnQe2U1RF/QEWfoWFAYRY2dn4G9zHAC1HutLROffa9x4v4Uwq0/w2ckvLK6tr+fXCxubW9k5xd68p41RQaNCYx6LtEQmcRdBQTHFoJwJI6HFoef3a2G8NQEgWR3dqmIATkm7EAkaJ0pJbPLInb2QC/BG2b1m3p4gQ8QOuuWfYhvuUDbDpFktm2ZwALxJrRkpohrpb/LL9mKYhRIpyImXHMhPlZEQoRjmMCnYqISG0T7rQ0TQiIUgnm2wywsda8XEQC12RwhP190RGQimHoac7Q6J6ct4bi/95nVQFF07GoiRVENHpR0HKsYrxOBrsMwFU8aEmhAqmd8W0RwShSgdY0CFY8ycvkuZp2aqUL28qperVLI48OkCH6ARZ6BxV0TWqowai6BE9o1f0ZjwZL8a78TFtzRmzmX30B8bnD8bTm10=</latexit>

(no triangles)         

I2(p
2;M2, 0) =

1

✏
+ 1 + log

µ2

M2
+

2p2

M2
+ . . .

<latexit sha1_base64="W0/W4PxTBjKWYrzvmxVSL8MJq1E="></latexit>

I1(M
2) = M2

✓
1

✏
+ 1 + log

µ2

M2

◆
+ . . .

<latexit sha1_base64="BNKjQmd9KR+WYnDIJXKdSAYS3As="></latexit>

Absence of UV divergence tadpoles cancel!
Similarly can show that rational terms do not contribute.

= 0 for MS 6= ML

<latexit sha1_base64="mCut/zthUSg+jdbh654s8bdLjOQ=">AAACDHicbVC7SgNBFJ31bXxFLW0Gg2AVdiWgFoJoY6EQ0Wggu4TZyV0dMju7mbkrhiUfYOOv2FgoYusH2Pk3Th6FRk91OOdc7r0nTKUw6LpfzsTk1PTM7Nx8YWFxaXmluLp2ZZJMc6jxRCa6HjIDUiiooUAJ9VQDi0MJ12H7uO9f34E2IlGX2E0hiNmNEpHgDK3ULJYOqEv9TsZa1Ee4x5xGiaY9eta8oL6CjiWnNuWW3QHoX+KNSImMUG0WP/1WwrMYFHLJjGl4bopBzjQKLqFX8DMDKeNtdgMNSxWLwQT54Jke3bJKa3BFlCikA/XnRM5iY7pxaJMxw1sz7vXF/7xGhtFekAuVZgiKDxdFmaSY0H4ztCU0cJRdSxjXwt5K+S3TjKPtr2BL8MZf/kuudspepbx/XikdHo3qmCMbZJNsE4/skkNyQqqkRjh5IE/khbw6j86z8+a8D6MTzmhmnfyC8/ENp6WZgA==</latexit>

P. Baratella, C. Fernandez, A. Pomarol  [2005.07129]

pH = 0.

<latexit sha1_base64="eI8d7fbCeOPkaCDo4VDh6d5mZTg=">AAAB+3icbVDLSsNAFJ3UV62vWpduBovgKiQiqAuh6KbLCvYBbQiTyU07dPJgZiKWkF9x40IRt/6IO//GaZqFth64cDjn3rlzj5dwJpVlfRuVtfWNza3qdm1nd2//oH7Y6Mk4FRS6NOaxGHhEAmcRdBVTHAaJABJ6HPre9G7u9x9BSBZHD2qWgBOSccQCRonSkltvjIo3MgF+jhO3fWOZbr1pmVYBvErskjRRiY5b/xr5MU1DiBTlRMqhbSXKyYhQjHLIa6NUQkLolIxhqGlEQpBOVuzN8alWfBzEQlekcKH+nshIKOUs9HRnSNRELntz8T9vmKrgyslYlKQKIrpYFKQcqxjPg8A+E0AVn2lCqGD6r5hOiCBU6bhqOgR7+eRV0js37Qvz+v6i2bot46iiY3SCzpCNLlELtVEHdRFFT+gZvaI3IzdejHfjY9FaMcqZI/QHxucPOLWT6w==</latexit>

)

<latexit sha1_base64="dHYe0jM1gin60iVdl5Vci8cgryw=">AAACAHicbVC7TsMwFHV4lvIKMDCwWFRITFWCKgFbBQtjQfQhNVHlOE5r1bEj2wFVURZ+hYUBhFj5DDb+BjfNAC1HutLROff6+p4gYVRpx/m2lpZXVtfWKxvVza3tnV17b7+jRCoxaWPBhOwFSBFGOWlrqhnpJZKgOGCkG4yvp373gUhFBb/Xk4T4MRpyGlGMtJEG9qFXvJFJEubQu6PDkUZSiseBXXPqTgG4SNyS1ECJ1sD+8kKB05hwjRlSqu86ifYzJDXFjORVL1UkQXiMhqRvKEcxUX5WLM/hiVFCGAlpimtYqL8nMhQrNYkD0xkjPVLz3lT8z+unOrrwM8qTVBOOZ4uilEEt4DQNGFJJsGYTQxCW1PwV4hGSCGuTWdWE4M6fvEg6Z3W3Ub+8bdSaV2UcFXAEjsEpcME5aIIb0AJtgEEOnsEreLOerBfr3fqYtS5Z5cwB+APr8wdi5Zbw</latexit>



pH = 0 ) p` + p� + pe = 0

<latexit sha1_base64="57qiIq5t5SW+lF2y6tucsp9p7N4=">AAACGHicbZBNSwMxEIazftb6terRS7AIglJ3RVAPQtFLj1VsFbplmU2nbWiyuyRZpRR/hhf/ihcPinj15r8xW3vQ6guBh3dmmMwbpYJr43mfztT0zOzcfGGhuLi0vLLqrq03dJIphnWWiETdRKBR8BjrhhuBN6lCkJHA66h/ntevb1FpnsRXZpBiS0I35h3OwFgrdPfTsHrq0WCPBpe82zOgVHJH0zBAIehuDl2QEnJCahtDt+SVvZHoX/DHUCJj1UL3I2gnLJMYGyZA66bvpaY1BGU4E3hfDDKNKbA+dLFpMQaJujUcHXZPt63Tpp1E2RcbOnJ/TgxBaj2Qke2UYHp6spab/9Wamekct4Y8TjODMfte1MkENQnNU6JtrpAZMbAATHH7V8p6oIAZm2XRhuBPnvwXGgdl/7B8cnFYqpyN4yiQTbJFdohPjkiFVEmN1AkjD+SJvJBX59F5dt6c9+/WKWc8s0F+yfn4AqfNnas=</latexit>

Kinematics:

E.g. keep     and      massless. `

<latexit sha1_base64="wHmIV61ugEdEZp+IqBsURq4b+xA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4r2A9oQ9lsJ+3S3U3Y3Qgl9C948aCIV/+QN/+NSZuDtj4YeLw3w8y8IBbcWNf9dkpr6xubW+Xtys7u3v5B9fCobaJEM2yxSES6G1CDgitsWW4FdmONVAYCO8HkLvc7T6gNj9SjncboSzpSPOSM2lzqoxCDas2tu3OQVeIVpAYFmoPqV38YsUSiskxQY3qeG1s/pdpyJnBW6ScGY8omdIS9jCoq0fjp/NYZOcuUIQkjnZWyZK7+nkipNGYqg6xTUjs2y14u/uf1Ehte+ylXcWJRscWiMBHERiR/nAy5RmbFNCOUaZ7dStiYaspsFk8lC8FbfnmVtC/q3mX95uGy1rgt4ijDCZzCOXhwBQ24hya0gMEYnuEV3hzpvDjvzseiteQUM8fwB87nDxFGjkc=</latexit>

�

<latexit sha1_base64="w6h9Bf4+M1acskkgMSQ1DM2KxtA=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKQL0FvXiMYB6QLKF3MpuMmccyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEo1oU2iuNKdCAzlTNKmZZbTTqIpiIjTdjS+nfntJ6oNU/LBThIaChhKFjMC1kmt3hCEgH654lf9OfAqCXJSQTka/fJXb6BIKqi0hIMx3cBPbJiBtoxwOi31UkMTIGMY0q6jEgQ1YTa/dorPnDLAsdKupMVz9fdEBsKYiYhcpwA7MsveTPzP66Y2vgozJpPUUkkWi+KUY6vw7HU8YJoSyyeOANHM3YrJCDQQ6wIquRCC5ZdXSeuiGtSq1/e1Sv0mj6OITtApOkcBukR1dIcaqIkIekTP6BW9ecp78d69j0VrwctnjtEfeJ8/isuPIQ==</latexit>

) p2e = (p` + p�)
2 = 2p`p� ⌘ s 6= 0

<latexit sha1_base64="LVjEmFvQdenaJUmcepZVgQU4jJ8="></latexit>

p2e 6= 0

<latexit sha1_base64="7bDgSupXVuI1kyBNFmyycnFMdbg=">AAAB83icbVBNSwMxEM3Wr1q/qh69BIvgqeyWgnorevFYwX5Ady3ZdLYNzWZjkhXK0r/hxYMiXv0z3vw3pu0etPXBwOO9GWbmhZIzbVz32ymsrW9sbhW3Szu7e/sH5cOjtk5SRaFFE56obkg0cCagZZjh0JUKSBxy6ITjm5nfeQKlWSLuzURCEJOhYBGjxFjJl314qGFfwCN2++WKW3XnwKvEy0kF5Wj2y1/+IKFpDMJQTrTuea40QUaUYZTDtOSnGiShYzKEnqWCxKCDbH7zFJ9ZZYCjRNkSBs/V3xMZibWexKHtjIkZ6WVvJv7n9VITXQYZEzI1IOhiUZRybBI8CwAPmAJq+MQSQhWzt2I6IopQY2Mq2RC85ZdXSbtW9erVq7t6pXGdx1FEJ+gUnSMPXaAGukVN1EIUSfSMXtGbkzovzrvzsWgtOPnMMfoD5/MHrwKQ0g==</latexit>

p2` = 0

<latexit sha1_base64="qucuLxZBMugGtHoVgJ6HdsiwJNA=">AAAB83icbVBNSwMxEM3Wr1q/qh69BIvgqeyWgnoQil48VrAf0F1LNp1tQ7PZkGSFsvRvePGgiFf/jDf/jWm7B219MPB4b4aZeaHkTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK2TVFFo0YQnqhsSDZwJaBlmOHSlAhKHHDrh+Hbmd55AaZaIBzOREMRkKFjEKDFW8mXfB84fa/gau/1yxa26c+BV4uWkgnI0++Uvf5DQNAZhKCda9zxXmiAjyjDKYVryUw2S0DEZQs9SQWLQQTa/eYrPrDLAUaJsCYPn6u+JjMRaT+LQdsbEjPSyNxP/83qpiS6DjAmZGhB0sShKOTYJngWAB0wBNXxiCaGK2VsxHRFFqLExlWwI3vLLq6Rdq3r16tV9vdK4yeMoohN0is6Rhy5QA92hJmohiiR6Rq/ozUmdF+fd+Vi0Fpx85hj9gfP5A2jukKM=</latexit>

p2� = 0

<latexit sha1_base64="OMeE0pp02kC/pi9XDsNFe0TJVqU=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqeyWgnoQil48VrAf0G7LbJptQ5PskmSVsvR/ePGgiFf/izf/jWm7B219MPB4b4aZeUHMmTau++3k1tY3Nrfy24Wd3b39g+LhUVNHiSK0QSIeqXYAmnImacMww2k7VhREwGkrGN/O/NYjVZpF8sFMYuoLGEoWMgLGSr243x2CENCr4Gvs9oslt+zOgVeJl5ESylDvF7+6g4gkgkpDOGjd8dzY+Ckowwin00I30TQGMoYh7VgqQVDtp/Orp/jMKgMcRsqWNHiu/p5IQWg9EYHtFGBGetmbif95ncSEl37KZJwYKsliUZhwbCI8iwAPmKLE8IklQBSzt2IyAgXE2KAKNgRv+eVV0qyUvWr56r5aqt1kceTRCTpF58hDF6iG7lAdNRBBCj2jV/TmPDkvzrvzsWjNOdnMMfoD5/MH6NWRfQ==</latexit>

Possible 2-cuts:

) C� =
1

AOD

lim
Pi
M !0

M2
X

a

C(a)
2 I(a)2

<latexit sha1_base64="9FZl1utQaBARvkKLc5KtB+Gup7Q="></latexit>

and related viacutS

<latexit sha1_base64="waZO3mwmdRmLxhKSZCRzqnJAJag=">AAACAXicbVDLSgNBEJyNrxhfq14EL4NB8BR2JaDegl48RjQPSEKYnXSSIbMPZnrFsMSLv+LFgyJe/Qtv/o2TzR40saChqOqeni4vkkKj43xbuaXlldW1/HphY3Nre8fe3avrMFYcajyUoWp6TIMUAdRQoIRmpID5noSGN7qa+o17UFqEwR2OI+j4bBCIvuAMjdS1D9rpG4mC3oS2ER4w4TFOurddu+iUnBR0kbgZKZIM1a791e6FPPYhQC6Z1i3XibCTMIWCS5gU2rGGiPERG0DL0ID5oDtJun1Cj43So/1QmQqQpurviYT5Wo99z3T6DId63puK/3mtGPvnnUQEUYwQ8NmifiwphnQaB+0JBRzl2BDGlTB/pXzIFONoQiuYENz5kxdJ/bTklksXN+Vi5TKLI08OyRE5IS45IxVyTaqkRjh5JM/klbxZT9aL9W59zFpzVjazT/7A+vwBcRSXjA==</latexit>

cutL

<latexit sha1_base64="TmdIS/nzMjwKp8B99R1zH08x+3U=">AAACAXicbVC7SgNBFJ2NrxhfqzaCzWAQrMKuBNQuaGNhEcE8IAlhdnKTDJl9MHNXDEts/BUbC0Vs/Qs7/8bJZgtNPHDhcM69c+ceL5JCo+N8W7ml5ZXVtfx6YWNza3vH3t2r6zBWHGo8lKFqekyDFAHUUKCEZqSA+Z6Ehje6mvqNe1BahMEdjiPo+GwQiL7gDI3UtQ/a6RuJgt6EthEeMOExTro3XbvolJwUdJG4GSmSDNWu/dXuhTz2IUAumdYt14mwkzCFgkuYFNqxhojxERtAy9CA+aA7Sbp9Qo+N0qP9UJkKkKbq74mE+VqPfc90+gyHet6biv95rRj7551EBFGMEPDZon4sKYZ0GgftCQUc5dgQxpUwf6V8yBTjaEIrmBDc+ZMXSf205JZLF7flYuUyiyNPDskROSEuOSMVck2qpEY4eSTP5JW8WU/Wi/Vufcxac1Y2s0/+wPr8AWZ4l4U=</latexit>

<latexit sha1_base64="zvLfOX+or0J8FrGpKkAo8dJweJE=">AAACBnicbVDJSgNBEO2JW4zbqEcRGoPgQcKMBPUY9OLBQESzQGYYejo9SZOehe4aJQw5efFXvHhQxKvf4M2/sbMcNPFBweO9Kqrq+YngCizr28gtLC4tr+RXC2vrG5tb5vZOQ8WppKxOYxHLlk8UEzxideAgWCuRjIS+YE2/fznym/dMKh5HdzBImBuSbsQDTgloyTP3q94tdo6xI1gAknd7QKSMH0ZS1bv2zKJVssbA88SekiKaouaZX04npmnIIqCCKNW2rQTcjEjgVLBhwUkVSwjtky5raxqRkCk3G78xxIda6eAglroiwGP190RGQqUGoa87QwI9NeuNxP+8dgrBuZvxKEmBRXSyKEgFhhiPMsEdLhkFMdCEUMn1rZj2iCQUdHIFHYI9+/I8aZyU7NNS+aZcrFxM48ijPXSAjpCNzlAFXaEaqiOKHtEzekVvxpPxYrwbH5PWnDGd2UV/YHz+ACzYl60=</latexit>

MS $ ML



Corresponding bubble coefficient:

Lorentz-invariant phase space

A(1`, 3�� , 1
0
S
, 30

H+) = qeYLMS

[3010]

[303][13]

<latexit sha1_base64="TgQwHv9/DqltZJVC8E1P4s5ae1g="></latexit>

A(30
H̄+ , 1

0
S̄
, 2e, 4H0) = YRY

0
V

[�10|p10 |2i
M2

S
�M2

L

<latexit sha1_base64="Rze8GzJdir69wkwxYQrvhi2+xb8="></latexit>

Amplitudes from           :cutS

<latexit sha1_base64="waZO3mwmdRmLxhKSZCRzqnJAJag=">AAACAXicbVDLSgNBEJyNrxhfq14EL4NB8BR2JaDegl48RjQPSEKYnXSSIbMPZnrFsMSLv+LFgyJe/Qtv/o2TzR40saChqOqeni4vkkKj43xbuaXlldW1/HphY3Nre8fe3avrMFYcajyUoWp6TIMUAdRQoIRmpID5noSGN7qa+o17UFqEwR2OI+j4bBCIvuAMjdS1D9rpG4mC3oS2ER4w4TFOurddu+iUnBR0kbgZKZIM1a791e6FPPYhQC6Z1i3XibCTMIWCS5gU2rGGiPERG0DL0ID5oDtJun1Cj43So/1QmQqQpurviYT5Wo99z3T6DId63puK/3mtGPvnnUQEUYwQ8NmifiwphnQaB+0JBRzl2BDGlTB/pXzIFONoQiuYENz5kxdJ/bTklksXN+Vi5TKLI08OyRE5IS45IxVyTaqkRjh5JM/klbxZT9aL9W59zFpzVjazT/7A+vwBcRSXjA==</latexit>

A(1`, 3�� , 1
0I
S
, 30

H+) ✏IJ A(30
H̄+ , 1

0J
S̄
, 2e, 4H0) = �qeYLYRY

0
V

M2
S

M2
S
�M2

L

[30|(p3 + p1)|2i
[303][13]

<latexit sha1_base64="2L1yB590BvQBxTNmRxirMtsVY+Q="></latexit>

= �qeYLYRY
0
V

M2
S

M2
S �M2

L

✓
h32i
[13]

+
[301]h12i
[303][13]

◆

<latexit sha1_base64="tDDFuX45u/Z28sO3VzjUoSrTjgs="></latexit>

Looking for amplitude ⇠ h13ih23i )

<latexit sha1_base64="Jhx8V/G8AKF/336kokiSSXWBs10=">AAACInicbZDLSgMxFIYzXmu9jbp0EyyCCykztaDdFd24rGIv0BlKJs20oUlmSDJKGfosbnwVNy4UdSX4MKbtCLX1h8DPd87h5PxBzKjSjvNlLS2vrK6t5zbym1vbO7v23n5DRYnEpI4jFslWgBRhVJC6ppqRViwJ4gEjzWBwNa4374lUNBJ3ehgTn6OeoCHFSBvUsSueohx6DIkeI9A9g56c2l9UmkGn0Lulvb5GUkYPHbvgFJ2J4KJxM1MAmWod+8PrRjjhRGjMkFJt14m1nyKpKWZklPcSRWKEB6hH2sYKxIny08mJI3hsSBeGkTRPaDihsxMp4koNeWA6OdJ9NV8bw/9q7USHF35KRZxoIvB0UZgwqCM4zgt2qSRYs6ExCEtq/gpxH0mEtUk1b0Jw509eNI1S0S0XKzflQvUyiyMHDsEROAEuOAdVcA1qoA4weATP4BW8WU/Wi/VufU5bl6xs5gD8kfX9A+ZEorQ=</latexit>

Only first term contributes.

C(S)
2 = �

Z
dLIPSA(1`, 3�� , 1

0
S
, 30

H+)⇥A(30
H̄+ , 1

0
S̄
, 2e, 4H0)

<latexit sha1_base64="EsM3kSx3+g3myf2Wop2gk8kuCfo="></latexit>



dLIPS integral trivial

Recall that

C� =
1

AOD

lim
Pi
M !0

M2
X

a=S,L

C(a)
2 I(a)2

<latexit sha1_base64="2sudFt9koJRkFdcgDoAeZ0YUnX4="></latexit>

) C(S)
2 = YLYRY

0
V

M2
S

M2
S
�M2

L

1

s13
AD(1l, 2e, 3�� , 4H0)

<latexit sha1_base64="2TdIu+Jb+0ikHNSzaWwF+TVnH3U="></latexit>

I(S)
2 (s13,M

2
S , 0) ' 1

16⇡2

✓
1

✏
+ ln

µ2

M2
S

+ 1 +
s13
2M2

S

+ · · ·
◆

<latexit sha1_base64="vMAxhay5zQ+U4EQD//7p6BzH8M4="></latexit>

C(S)
2

<latexit sha1_base64="e3ce3PBI/kYcpIottVeTC6+kelg=">AAAB8HicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JLSNQbkYtHjPJhYCXdUqCh7W7argnZ8Cu8eNAYr/4cb/4bC+xBwZdM8vLeTGbmBRFn2rjut5NZW9/Y3Mpu53Z29/YP8odHTR3GitAGCXmo2gHWlDNJG4YZTtuRolgEnLaCcW3mt56o0iyU92YSUV/goWQDRrCx0kOtV35Minfn016+4JbcOdAq8VJSgBT1Xv6r2w9JLKg0hGOtO54bGT/ByjDC6TTXjTWNMBnjIe1YKrGg2k/mB0/RmVX6aBAqW9Kgufp7IsFC64kIbKfAZqSXvZn4n9eJzeDST5iMYkMlWSwaxByZEM2+R32mKDF8YgkmitlbERlhhYmxGeVsCN7yy6ukWS55ldLVbaVQvU7jyMIJnEIRPLiAKtxAHRpAQMAzvMKbo5wX5935WLRmnHTmGP7A+fwBpvqPrg==</latexit>

Need to multiply         with

) �C�

M2
=

YLYRY 0
V

32⇡2

1

M2
S �M2

L

<latexit sha1_base64="7BXNfKbHr/HqrpOuqkk4FbiQBlw="></latexit>

Contribution from           obtained via cutL

<latexit sha1_base64="TmdIS/nzMjwKp8B99R1zH08x+3U=">AAACAXicbVC7SgNBFJ2NrxhfqzaCzWAQrMKuBNQuaGNhEcE8IAlhdnKTDJl9MHNXDEts/BUbC0Vs/Qs7/8bJZgtNPHDhcM69c+ceL5JCo+N8W7ml5ZXVtfx6YWNza3vH3t2r6zBWHGo8lKFqekyDFAHUUKCEZqSA+Z6Ehje6mvqNe1BahMEdjiPo+GwQiL7gDI3UtQ/a6RuJgt6EthEeMOExTro3XbvolJwUdJG4GSmSDNWu/dXuhTz2IUAumdYt14mwkzCFgkuYFNqxhojxERtAy9CA+aA7Sbp9Qo+N0qP9UJkKkKbq74mE+VqPfc90+gyHet6biv95rRj7551EBFGMEPDZon4sKYZ0GgftCQUc5dgQxpUwf6V8yBTjaEIrmBDc+ZMXSf205JZLF7flYuUyiyNPDskROSEuOSMVck2qpEY4eSTP5JW8WU/Wi/Vufcxac1Y2s0/+wPr8AWZ4l4U=</latexit>

MS $ ML

<latexit sha1_base64="uyVug8yuDwbNiKB+6ewXEdPTdVQ=">AAACAHicbVA9SwNBEN2LXzF+nVpY2CwGwSrcSUDtgjYWBiKaD0jCsbfZS5bs7R27c0o40vhXbCwUsfVn2Plv3CRXaOKDgcd7M8zM82PBNTjOt5VbWl5ZXcuvFzY2t7Z37N29ho4SRVmdRiJSLZ9oJrhkdeAgWCtWjIS+YE1/eDXxmw9MaR7JexjFrBuSvuQBpwSM5NkHVe8OdwQLQPH+AIhS0SOuejeeXXRKzhR4kbgZKaIMNc/+6vQimoRMAhVE67brxNBNiQJOBRsXOolmMaFD0mdtQyUJme6m0wfG+NgoPRxEypQEPFV/T6Qk1HoU+qYzJDDQ895E/M9rJxCcd1Mu4wSYpLNFQSIwRHiSBu5xxSiIkSGEKm5uxXRAFKFgMiuYENz5lxdJ47TklksXt+Vi5TKLI48O0RE6QS46QxV0jWqojigao2f0it6sJ+vFerc+Zq05K5vZR39gff4AJOuWJA==</latexit>

) C� = 0

<latexit sha1_base64="nFKwRKy/E35W2ls7GaEZaeNqDDg=">AAACDXicbVC7SgNBFJ2NrxhfUUubwShYhV0JqIUQTGMZxTwgu4S7k9lkyMzuMjOrhCU/YOOv2FgoYmtv59842aTQxAMXDufcO3Pv8WPOlLbtbyu3tLyyupZfL2xsbm3vFHf3mipKJKENEvFItn1QlLOQNjTTnLZjSUH4nLb8YW3it+6pVCwK7/Qopp6AfsgCRkAbqVs8crM3Ukl7Y+zesv5Ag5TRA6513T4IAfgS291iyS7bGfAicWakhGaod4tfbi8iiaChJhyU6jh2rL0UpGaE03HBTRSNgQyhTzuGhiCo8tJskzE+NkoPB5E0FWqcqb8nUhBKjYRvOgXogZr3JuJ/XifRwbmXsjBONA3J9KMg4VhHeBIN7jFJieYjQ4BIZnbFZAASiDYBFkwIzvzJi6R5WnYq5YubSql6NYsjjw7QITpBDjpDVXSN6qiBCHpEz+gVvVlP1ov1bn1MW3PWbGYf/YH1+QOdKptA</latexit>



Recall

So far                            What about opposite case YV = 0, Y 0
V 6= 0.

<latexit sha1_base64="5XlenZYRsSqUrC7lTX4Su7Tq6vk=">AAAB/HicbVDLSgMxFM3UV62v0S7dBIvoQoYZKagLoejGZQX7kHYomfS2Dc1kxiQjlKH+ihsXirj1Q9z5N6btLLT1wOUezrmX3Jwg5kxp1/22ckvLK6tr+fXCxubW9o69u1dXUSIp1GjEI9kMiALOBNQ00xyasQQSBhwawfB64jceQSoWiTs9isEPSV+wHqNEG6ljF+879Uv3BJt2hNsCHrDrdOyS67hT4EXiZaSEMlQ79le7G9EkBKEpJ0q1PDfWfkqkZpTDuNBOFMSEDkkfWoYKEoLy0+nxY3xolC7uRdKU0Hiq/t5ISajUKAzMZEj0QM17E/E/r5Xo3rmfMhEnGgSdPdRLONYRniSBu0wC1XxkCKGSmVsxHRBJqDZ5FUwI3vyXF0n91PHKzsVtuVS5yuLIo310gI6Rh85QBd2gKqohikboGb2iN+vJerHerY/ZaM7KdoroD6zPH2Jdkq8=</latexit>

YV 6= 0, Y 0
V = 0?

<latexit sha1_base64="vkfEkBpvbtpFa4UlDOnZ1WdlRKY=">AAAB/nicbZDLSsNAFIYn9VbrLSqu3AwW0YWURArqQiy6cVnBXqQNYTI9bYdOJnFmIpRQ8FXcuFDErc/hzrdx2mah1R8GPv5zDufMH8ScKe04X1Zubn5hcSm/XFhZXVvfsDe36ipKJIUajXgkmwFRwJmAmmaaQzOWQMKAQyMYXI3rjQeQikXiVg9j8ELSE6zLKNHG8u2dO7+O2wLusXOEDR/gc+xc+HbRKTkT4b/gZlBEmaq+/dnuRDQJQWjKiVIt14m1lxKpGeUwKrQTBTGhA9KDlkFBQlBeOjl/hPeN08HdSJonNJ64PydSEio1DAPTGRLdV7O1sflfrZXo7qmXMhEnGgSdLuomHOsIj7PAHSaBaj40QKhk5lZM+0QSqk1iBROCO/vlv1A/Lrnl0tlNuVi5zOLIo120hw6Ri05QBV2jKqohilL0hF7Qq/VoPVtv1vu0NWdlM9vol6yPbzUtkxQ=</latexit>

Diagrams in this case:

<latexit sha1_base64="sM4jnLDh1IxJ9M5SazZEe8lOd5U="></latexit>

L = �YL`SH̃ � YRLeH � YV H̃
†
L
c
S
c � Y

0
V LSH̃ �MS SS

c �ML LL
c + h.c.



Relevant amplitudes for          :cutS

<latexit sha1_base64="waZO3mwmdRmLxhKSZCRzqnJAJag=">AAACAXicbVDLSgNBEJyNrxhfq14EL4NB8BR2JaDegl48RjQPSEKYnXSSIbMPZnrFsMSLv+LFgyJe/Qtv/o2TzR40saChqOqeni4vkkKj43xbuaXlldW1/HphY3Nre8fe3avrMFYcajyUoWp6TIMUAdRQoIRmpID5noSGN7qa+o17UFqEwR2OI+j4bBCIvuAMjdS1D9rpG4mC3oS2ER4w4TFOurddu+iUnBR0kbgZKZIM1a791e6FPPYhQC6Z1i3XibCTMIWCS5gU2rGGiPERG0DL0ID5oDtJun1Cj43So/1QmQqQpurviYT5Wo99z3T6DId63puK/3mtGPvnnUQEUYwQ8NmifiwphnQaB+0JBRzl2BDGlTB/pXzIFONoQiuYENz5kxdJ/bTklksXN+Vi5TKLI08OyRE5IS45IxVyTaqkRjh5JM/klbxZT9aL9W59zFpzVjazT/7A+vwBcRSXjA==</latexit>

A(30
H̄+ , 1

0
S̄
, 2e, 4H0) = YRYV h�102i ML

M2
S
�M2

L

<latexit sha1_base64="gDY8wn3ZTZhbouHz2rLBlJelYbc="></latexit>

A(1`, 3�� , 1
0
S
, 30

H+) = qeYLMS

[3010]

[303][13]

<latexit sha1_base64="TgQwHv9/DqltZJVC8E1P4s5ae1g="></latexit>

Same amplitudes as in other case, except for extra factor                in A(30
H̄+ , 1

0
S̄
, 2e, 4H0)

<latexit sha1_base64="geHPy6c6DClmzM9UQO81ETxeHZQ=">AAACGHicbVDLSgMxFM3UV62vUZdugkWsWOpMLai7qpsuK9oH9DFk0kwbmnmQZIQyzGe48VfcuFDEbXf+jWk7grYeuHByzr3k3mMHjAppGF9aaml5ZXUtvZ7Z2Nza3tF39+rCDzkmNewznzdtJAijHqlJKhlpBpwg12akYQ9vJ37jkXBBfe9BjgLScVHfow7FSCrJ0s+iNkYMXse582MratuIw0r3NM6bP6/7OF+0SL5kRZWuEZ9YetYoGFPARWImJAsSVC193O75OHSJJzFDQrRMI5CdCHFJMSNxph0KEiA8RH3SUtRDLhGdaHpYDI+U0oOOz1V5Ek7V3xMRcoUYubbqdJEciHlvIv7ntULpXHYi6gWhJB6efeSEDEofTlKCPcoJlmykCMKcql0hHiCOsFRZZlQI5vzJi6ReLJilwtVdKVu+SeJIgwNwCHLABBegDCqgCmoAgyfwAt7Au/asvWof2uesNaUlM/vgD7TxN2dMnYQ=</latexit>

) �C�

M2
=

YLYRYV

32⇡2

ML/MS

M2
S �M2

L

<latexit sha1_base64="W08vxNUXx5qyPKbP6upHoW1/f5M="></latexit>

Contribution from           again obtained via cutL

<latexit sha1_base64="TmdIS/nzMjwKp8B99R1zH08x+3U=">AAACAXicbVC7SgNBFJ2NrxhfqzaCzWAQrMKuBNQuaGNhEcE8IAlhdnKTDJl9MHNXDEts/BUbC0Vs/Qs7/8bJZgtNPHDhcM69c+ceL5JCo+N8W7ml5ZXVtfx6YWNza3vH3t2r6zBWHGo8lKFqekyDFAHUUKCEZqSA+Z6Ehje6mvqNe1BahMEdjiPo+GwQiL7gDI3UtQ/a6RuJgt6EthEeMOExTro3XbvolJwUdJG4GSmSDNWu/dXuhTz2IUAumdYt14mwkzCFgkuYFNqxhojxERtAy9CA+aA7Sbp9Qo+N0qP9UJkKkKbq74mE+VqPfc90+gyHet6biv95rRj7551EBFGMEPDZon4sKYZ0GgftCQUc5dgQxpUwf6V8yBTjaEIrmBDc+ZMXSf205JZLF7flYuUyiyNPDskROSEuOSMVck2qpEY4eSTP5JW8WU/Wi/Vufcxac1Y2s0/+wPr8AWZ4l4U=</latexit>

MS $ ML

<latexit sha1_base64="uyVug8yuDwbNiKB+6ewXEdPTdVQ=">AAACAHicbVA9SwNBEN2LXzF+nVpY2CwGwSrcSUDtgjYWBiKaD0jCsbfZS5bs7R27c0o40vhXbCwUsfVn2Plv3CRXaOKDgcd7M8zM82PBNTjOt5VbWl5ZXcuvFzY2t7Z37N29ho4SRVmdRiJSLZ9oJrhkdeAgWCtWjIS+YE1/eDXxmw9MaR7JexjFrBuSvuQBpwSM5NkHVe8OdwQLQPH+AIhS0SOuejeeXXRKzhR4kbgZKaIMNc/+6vQimoRMAhVE67brxNBNiQJOBRsXOolmMaFD0mdtQyUJme6m0wfG+NgoPRxEypQEPFV/T6Qk1HoU+qYzJDDQ895E/M9rJxCcd1Mu4wSYpLNFQSIwRHiSBu5xxSiIkSGEKm5uxXRAFKFgMiuYENz5lxdJ47TklksXt+Vi5TKLI48O0RE6QS46QxV0jWqojigao2f0it6sJ+vFerc+Zq05K5vZR39gff4AJOuWJA==</latexit>

) �C�

M2
=

YLYRYV

32⇡2

(ML/MS �MS/ML)

M2
S �M2

L

= �YLYRYV

32⇡2

1

MSML

<latexit sha1_base64="bsVDJ5FtQr0al4DbaE15Ntgg03c="></latexit>

A(30
H̄+ , 1

0
S̄
, 2e, 4H0) = �YRYV h�102i ML

p22 �M2
L

' YRYV h�102i 1

ML

<latexit sha1_base64="fOD4Va9CizfTuDuOCfIRozTTG84="></latexit>

Finally contribution from          arises from extra term to amplitudecut0S

<latexit sha1_base64="xcCvxTzAm7w0OrSnjqDQBUvZPAU=">AAACAnicbVDLSgNBEJz1GeMr6km8DAbRU9iVgHoLevEY0TwgCWF20psMmX0w0yuGZfHir3jxoIhXv8Kbf+Nkk4MmFjQUVd3T0+VGUmi07W9rYXFpeWU1t5Zf39jc2i7s7NZ1GCsONR7KUDVdpkGKAGooUEIzUsB8V0LDHV6N/cY9KC3C4A5HEXR81g+EJzhDI3UL++3sjURBL6VthAdMeIxp9/a4WyjaJTsDnSfOlBTJFNVu4avdC3nsQ4BcMq1bjh1hJ2EKBZeQ5tuxhojxIetDy9CA+aA7SbY+pUdG6VEvVKYCpJn6eyJhvtYj3zWdPsOBnvXG4n9eK0bvvJOIIIoRAj5Z5MWSYkjHedCeUMBRjgxhXAnzV8oHTDGOJrW8CcGZPXme1E9LTrl0cVMuVi6nceTIATkkJ8QhZ6RCrkmV1Agnj+SZvJI368l6sd6tj0nrgjWd2SN/YH3+ANtGl70=</latexit>

) C� = 0

<latexit sha1_base64="nFKwRKy/E35W2ls7GaEZaeNqDDg=">AAACDXicbVC7SgNBFJ2NrxhfUUubwShYhV0JqIUQTGMZxTwgu4S7k9lkyMzuMjOrhCU/YOOv2FgoYmtv59842aTQxAMXDufcO3Pv8WPOlLbtbyu3tLyyupZfL2xsbm3vFHf3mipKJKENEvFItn1QlLOQNjTTnLZjSUH4nLb8YW3it+6pVCwK7/Qopp6AfsgCRkAbqVs8crM3Ukl7Y+zesv5Ag5TRA6513T4IAfgS291iyS7bGfAicWakhGaod4tfbi8iiaChJhyU6jh2rL0UpGaE03HBTRSNgQyhTzuGhiCo8tJskzE+NkoPB5E0FWqcqb8nUhBKjYRvOgXogZr3JuJ/XifRwbmXsjBONA3J9KMg4VhHeBIN7jFJieYjQ4BIZnbFZAASiDYBFkwIzvzJi6R5WnYq5YubSql6NYsjjw7QITpBDjpDVXSN6qiBCHpEz+gVvVlP1ov1bn1MW3PWbGYf/YH1+QOdKptA</latexit>

ML/MS

<latexit sha1_base64="W0XLY6rSOk+pF6fYu3qKfbSzRzI=">AAAB7nicbVBNS8NAEJ3Ur1q/oh69LBbBU02koN6KXjxYqGg/oA1hs920SzebsLsRSuiP8OJBEa/+Hm/+G7dtDtr6YODx3gwz84KEM6Ud59sqrKyurW8UN0tb2zu7e/b+QUvFqSS0SWIey06AFeVM0KZmmtNOIimOAk7bwehm6refqFQsFo96nFAvwgPBQkawNlK77t+d1f0H3y47FWcGtEzcnJQhR8O3v3r9mKQRFZpwrFTXdRLtZVhqRjidlHqpogkmIzygXUMFjqjystm5E3RilD4KY2lKaDRTf09kOFJqHAWmM8J6qBa9qfif1011eOllTCSppoLMF4UpRzpG099Rn0lKNB8bgolk5lZEhlhiok1CJROCu/jyMmmdV9xq5eq+Wq5d53EU4QiO4RRcuIAa3EIDmkBgBM/wCm9WYr1Y79bHvLVg5TOH8AfW5w9Z4o7y</latexit>



L = �YL`EH � YRLeH � YV H
†
L
c
E

c � Y
0
V LEH �ME EE

c �ML LL
c + h.c.

<latexit sha1_base64="wwBXhJ8IHLF9T9z+bLebbC08xw4="></latexit>

No Feynman diagram for                                 study 

g-2 from vector-like fermions E and L

Y 0
V 6= 0, YV = 0. )

<latexit sha1_base64="f8oxM46eKSPNsZbqxmScZQ9Q4bA=">AAACC3icbZC7TsMwFIadcivlFmBksVohGKooQZWAAamChbEgekFNFDmu21p1nGA7oCrqzsKrsDCAECsvwMbb4LYZoOWXLH36zzk6Pn8QMyqVbX8buYXFpeWV/GphbX1jc8vc3mnIKBGY1HHEItEKkCSMclJXVDHSigVBYcBIMxhcjOvNeyIkjfiNGsbEC1GP0y7FSGnLN4u3fuPA5eQO2mWo+cy2oFuG7jXt9RUSInqAvlmyLXsiOA9OBiWQqeabX24nwklIuMIMSdl27Fh5KRKKYkZGBTeRJEZ4gHqkrZGjkEgvndwygvva6cBuJPTjCk7c3xMpCqUchoHuDJHqy9na2Pyv1k5U98RLKY8TRTieLuomDKoIjoOBHSoIVmyoAWFB9V8h7iOBsNLxFXQIzuzJ89A4spyKdXpVKVXPszjyYA8UwSFwwDGogktQA3WAwSN4Bq/gzXgyXox342PamjOymV3wR8bnDw71mJI=</latexit>

Now consider vector-like fermions E and L with same quantum numbers as SM leptons:

Y 0
V = 0, YV 6= 0.

<latexit sha1_base64="LHfn1KOXwW1xX7VAtsH6DAzErPs=">AAAB/nicbZDLSsNAFIYn9VbrrSqu3AwW0YWERArqQii6cVnBXqQNYTI9aYdOJnFmIpRQ8FXcuFDErc/hzrdxello6w8DH/85h3PmDxLOlHacbyu3sLi0vJJfLaytb2xuFbd36ipOJYUajXksmwFRwJmAmmaaQzORQKKAQyPoX4/qjUeQisXiTg8S8CLSFSxklGhj+cW9e79+hC+xc4IN4baAB+zYfrHk2M5YeB7cKZTQVFW/+NXuxDSNQGjKiVIt10m0lxGpGeUwLLRTBQmhfdKFlkFBIlBeNj5/iA+N08FhLM0TGo/d3xMZiZQaRIHpjIjuqdnayPyv1kp1eO5lTCSpBkEni8KUYx3jURa4wyRQzQcGCJXM3Ippj0hCtUmsYEJwZ788D/VT2y3bF7flUuVqGkce7aMDdIxcdIYq6AZVUQ1RlKFn9IrerCfrxXq3PiatOWs6s4v+yPr8ARNtkwM=</latexit>

No boxes        No triangles.)

<latexit sha1_base64="4wBvpVznjABNZuf+wx1UgGItNas=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF49V7AekoWy2m3bpZjfsTpRS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KBXcoOd9O4WV1bX1jeJmaWt7Z3evvH/QNCrTlDWoEkq3I2KY4JI1kKNg7VQzkkSCtaLhzdRvPTJtuJIPOEpZmJC+5DGnBK0UdO55f4BEa/XULVe8qjeDu0z8nFQgR71b/ur0FM0SJpEKYkzgeymGY6KRU8EmpU5mWErokPRZYKkkCTPheHbyxD2xSs+NlbYl0Z2pvyfGJDFmlES2MyE4MIveVPzPCzKML8Mxl2mGTNL5ojgTLip3+r/b45pRFCNLCNXc3urSAdGEok2pZEPwF19eJs2zqn9evbo7r9Su8ziKcATHcAo+XEANbqEODaCg4Ble4c1B58V5dz7mrQUnnzmEP3A+fwCU+5F5</latexit>

No UV divergence.         Possible tadpoles cancelled. )

<latexit sha1_base64="4wBvpVznjABNZuf+wx1UgGItNas=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF49V7AekoWy2m3bpZjfsTpRS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KBXcoOd9O4WV1bX1jeJmaWt7Z3evvH/QNCrTlDWoEkq3I2KY4JI1kKNg7VQzkkSCtaLhzdRvPTJtuJIPOEpZmJC+5DGnBK0UdO55f4BEa/XULVe8qjeDu0z8nFQgR71b/ur0FM0SJpEKYkzgeymGY6KRU8EmpU5mWErokPRZYKkkCTPheHbyxD2xSs+NlbYl0Z2pvyfGJDFmlES2MyE4MIveVPzPCzKML8Mxl2mGTNL5ojgTLip3+r/b45pRFCNLCNXc3urSAdGEok2pZEPwF19eJs2zqn9evbo7r9Su8ziKcATHcAo+XEANbqEODaCg4Ble4c1B58V5dz7mrQUnnzmEP3A+fwCU+5F5</latexit>

)

<latexit sha1_base64="dHYe0jM1gin60iVdl5Vci8cgryw=">AAACAHicbVC7TsMwFHV4lvIKMDCwWFRITFWCKgFbBQtjQfQhNVHlOE5r1bEj2wFVURZ+hYUBhFj5DDb+BjfNAC1HutLROff6+p4gYVRpx/m2lpZXVtfWKxvVza3tnV17b7+jRCoxaWPBhOwFSBFGOWlrqhnpJZKgOGCkG4yvp373gUhFBb/Xk4T4MRpyGlGMtJEG9qFXvJFJEubQu6PDkUZSiseBXXPqTgG4SNyS1ECJ1sD+8kKB05hwjRlSqu86ifYzJDXFjORVL1UkQXiMhqRvKEcxUX5WLM/hiVFCGAlpimtYqL8nMhQrNYkD0xkjPVLz3lT8z+unOrrwM8qTVBOOZ4uilEEt4DQNGFJJsGYTQxCW1PwV4hGSCGuTWdWE4M6fvEg6Z3W3Ub+8bdSaV2UcFXAEjsEpcME5aIIb0AJtgEEOnsEreLOerBfr3fqYtS5Z5cwB+APr8wdi5Zbw</latexit>

Again only bubbles! 



Contribution from diagram (a) same as from diagram (b) in other case. 

Amplitudes for cut in diagram (b):

A(1`, 3�� , 1
0
E
, 30

H0) = qeYL

ME

2p3p10
h330i[3010]

[31]

<latexit sha1_base64="V+CBIfnHCnoySy8DPyo1nO2ZdOQ="></latexit>

A(30
H̄0 , 1

0
Ē
, 2e, 4H0) = YRYV

MLh�102i
p22 �M2

L

<latexit sha1_base64="qlhBHEo4/F+2/z8loydOSmcznkg="></latexit>

) A(1`, 3�� , 1
0I
E
, 30

H0) ✏IJ A(30
H̄0 , 1

0J
Ē
, 2e, 4H0) ' �qeYLYRYV

ME

ML

h32i
[31]

+ · · ·

<latexit sha1_base64="SMCN9DCWmdr7gdpNpOg76qewcyw="></latexit>

dLIPS integral again trivial. Multiplying with                          givesI(S)
2 (s13,M

2
S , 0)

<latexit sha1_base64="LKS6VWgZyuWQuZYwJmW4C1qyLLg=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovQQilJLai7ohtdCJXaB7RpmEwn7dDJg5mJUEJw46+4caGIW7/CnX/jtM1CWw9cOJxzL/fe44SMCmkY39rS8srq2npmI7u5tb2zq+/tN0UQcUwaOGABbztIEEZ90pBUMtIOOUGew0jLGV1N/NYD4YIG/r0ch8Ty0MCnLsVIKsnWD296cb5eSOxyXtixeZoUb+16r1w0CraeM0rGFHCRmCnJgRQ1W//q9gMcecSXmCEhOqYRSitGXFLMSJLtRoKECI/QgHQU9ZFHhBVPX0jgiVL60A24Kl/Cqfp7IkaeEGPPUZ0ekkMx703E/7xOJN1zK6Z+GEni49kiN2JQBnCSB+xTTrBkY0UQ5lTdCvEQcYSlSi2rQjDnX14kzXLJrJQu7iq56mUaRwYcgWOQByY4A1VwDWqgATB4BM/gFbxpT9qL9q59zFqXtHTmAPyB9vkDwLqVGw==</latexit>

) �C�

M2
=

YLYRYV

32⇡2

1

MSML

<latexit sha1_base64="RSwQqpFT8Avhsa0bowIo5df69sI="></latexit>

�C�

M2
= �YLYRYV

32⇡2

1

MSML

<latexit sha1_base64="4zoFrKxN9x7Kfrt6fpQboyHRQH4="></latexit>

Contribution from diagram (c) same with                              Factor 2.ME $ ML. )

<latexit sha1_base64="p1N6p4h9aEoRORN2++MWT0V6z2I=">AAACEHicbVDJSgNBEO2JW4xb1KOXxiB6kDAjAfUWFMGDgShmgcww9HR6kiY9C901ShjyCV78FS8eFPHq0Zt/Y2dBNPFBweO9KqrqebHgCkzzy8jMzS8sLmWXcyura+sb+c2tuooSSVmNRiKSTY8oJnjIasBBsGYsGQk8wRpe73zoN+6YVDwKb6EfMycgnZD7nBLQkpvfr7gX2BbMB8k7XSBSRve44l4VsX2I7Zsfzc0XzKI5Ap4l1oQU0ARVN/9ptyOaBCwEKohSLcuMwUmJBE4FG+TsRLGY0B7psJamIQmYctLRQwO8p5U29iOpKwQ8Un9PpCRQqh94ujMg0FXT3lD8z2sl4J84KQ/jBFhIx4v8RGCI8DAd3OaSURB9TQiVXN+KaZdIQkFnmNMhWNMvz5L6UdEqFU+vS4Xy2SSOLNpBu+gAWegYldElqqIaougBPaEX9Go8Gs/Gm/E+bs0Yk5lt9AfGxzdbHpwx</latexit>

) C�

M2
= �YLYRYV

32⇡2

1

MSML

<latexit sha1_base64="oRPJm4LYfT0uFzy8eDFipWQv5g4="></latexit>

Agrees with result from e.g.
A. Freitas et al. [1402.7065]



hγγ from vector-like fermions E and L
Another example of unexpected cancellation: Consider again model with 
vector-like fermions E and L  (but with                      ):

Le↵ � C��

M2

q
2
e

2
|H|2F 2

µ⌫

<latexit sha1_base64="91Rjk9OGY9IFZdut/T+BHGm/ask="></latexit>

Corresponds to amplitude:

C��

M2
AH2F 2(1�� , 2�� , 3H0 , 4H0) = �C��

M2
q2
e
h12i2

<latexit sha1_base64="DQ8bvlsWB4xlg9PVg539WM0sOSQ="></latexit>

Diagrams:

L = �YV H
†
L
c
E

c � Y
0
V LEH �ME EE

c �ML LL
c + h.c.

<latexit sha1_base64="MjXJZRb8ZjtMyTvBEQ7PHTP39HE="></latexit>

YL = YR = 0

<latexit sha1_base64="0vYg6bouiOxxJdn5cxKGRHu4Dkc=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUD0Uil48eKhiv2hD2Gw37dLNJuxuhBL6N7x4UMSrf8ab/8Ztm4O2Phh4vDfDzDw/5kxp2/62cmvrG5tb+e3Czu7e/kHx8KilokQS2iQRj2THx4pyJmhTM81pJ5YUhz6nbX98M/PbT1QqFolHPYmpG+KhYAEjWBup3/XuaqjrPaAasr1iyS7bc6BV4mSkBBkaXvGrP4hIElKhCcdK9Rw71m6KpWaE02mhnygaYzLGQ9ozVOCQKjed3zxFZ0YZoCCSpoRGc/X3RIpDpSahbzpDrEdq2ZuJ/3m9RAeXbspEnGgqyGJRkHCkIzQLAA2YpETziSGYSGZuRWSEJSbaxFQwITjLL6+S1kXZqZSv7iul+nUWRx5O4BTOwYEq1OEWGtAEAjE8wyu8WYn1Yr1bH4vWnJXNHMMfWJ8/jl2QFg==</latexit>

Leading contribution to following operator vanishes
e.g. G. Panico, A. Pomarol, M. Riembau [1810.09413]



Choose                            (discussion for                           identical).YV = 0, Y 0
V 6= 0

<latexit sha1_base64="yLOKuiiCrYZluQOqRUQnffW3o7g=">AAAB+3icbVDLSgMxFL1TX7W+xrp0EyyiCykzUlAXQtGNywr2Ie0wZNJMG5rJjElGLEN/xY0LRdz6I+78G9PHQlsPXO7hnHvJzQkSzpR2nG8rt7S8srqWXy9sbG5t79i7xYaKU0loncQ8lq0AK8qZoHXNNKetRFIcBZw2g8H12G8+UqlYLO70MKFehHuChYxgbSTfLt77jUsHnSDTjzqCPiDHt0tO2ZkALRJ3RkowQ823vzrdmKQRFZpwrFTbdRLtZVhqRjgdFTqpogkmA9yjbUMFjqjyssntI3RolC4KY2lKaDRRf29kOFJqGAVmMsK6r+a9sfif1051eO5lTCSppoJMHwpTjnSMxkGgLpOUaD40BBPJzK2I9LHERJu4CiYEd/7Li6RxWnYr5YvbSql6NYsjD/twAMfgwhlU4QZqUAcCT/AMr/BmjawX6936mI7mrNnOHvyB9fkD8aSSdw==</latexit>

YV 6= 0, Y 0
V = 0

<latexit sha1_base64="PCHJL2kN2EWCwbJJ9hef7ba38MY=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlhEF1JmpKAuhKIblxXsQ9phyKS3bWgmMyYZoQwFf8WNC0Xc+h3u/BvTdhbaeuDCyTn3kntPEHOmtON8W7mFxaXllfxqYW19Y3PL3t6pqyiRFGo04pFsBkQBZwJqmmkOzVgCCQMOjWBwPfYbjyAVi8SdHsbghaQnWJdRoo3k23v3fh23BTxgB59g8zjCl9jx7aJTcibA88TNSBFlqPr2V7sT0SQEoSknSrVcJ9ZeSqRmlMOo0E4UxIQOSA9ahgoSgvLSyfojfGiUDu5G0pTQeKL+nkhJqNQwDExnSHRfzXpj8T+vlejuuZcyEScaBJ1+1E041hEeZ4E7TALVfGgIoZKZXTHtE0moNokVTAju7MnzpH5acsuli9tysXKVxZFH++gAHSMXnaEKukFVVEMUpegZvaI368l6sd6tj2lrzspmdtEfWJ8/BUOS9Q==</latexit>

Set                             Mass matrix in basis        v ⌘ hH0i 6= 0.

<latexit sha1_base64="PWAe8dS4nxuP56bBMJGDs66rCPY=">AAACDnicbZC7TsMwFIadcivlFmBksagqMUUJQgK2CpaORaIXqSmV4562Vh0ntZ1KVdQnYOFVWBhAiJWZjbfBbTNAy5Esf/r/c2SfP4g5U9p1v63c2vrG5lZ+u7Czu7d/YB8e1VWUSAo1GvFINgOigDMBNc00h2YsgYQBh0YwvJ35jTFIxSJxrycxtEPSF6zHKNFG6tilMfZhlDBzcSL6HHDlwcW+XDD2BYyw63Tsouu488Kr4GVQRFlVO/aX341oEoLQlBOlWp4b63ZKpGaUw7TgJwpiQoekDy2DgoSg2ul8nSkuGaWLe5E0R2g8V39PpCRUahIGpjMkeqCWvZn4n9dKdO+qnTIRJxoEXTzUSzjWEZ5lg7tMAtV8YoBQycxfMR0QSag2CRZMCN7yyqtQP3e8C+f67qJYvsniyKMTdIrOkIcuURlVUBXVEEWP6Bm9ojfryXqx3q2PRWvOymaO0Z+yPn8Afl6afQ==</latexit>

(E Ec†L�Lc�)T :

<latexit sha1_base64="7EFouCkMtPp7b7+7/xlhVu2jRw8=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6VQwZZECj5WRSm4cFGhL2jaMplM26GTSZiZCCX0C9z4K25cKOLWtTv/xmmbhbYeuHA4517uvccNGZXKsr6N1Mrq2vpGejOztb2zu2fuHzRkEAlM6jhggWi5SBJGOakrqhhphYIg32Wk6Y5upn7zgQhJA15T45B0fDTgtE8xUlrqmbk8rEDnFMJKN8bQ8dBgQMQE3nULumJcmMCTbu2qZ2atojUDXCZ2QrIgQbVnfjlegCOfcIUZkrJtW6HqxEgoihmZZJxIkhDhERqQtqYc+UR24tk7E5jTigf7gdDFFZypvydi5Es59l3d6SM1lIveVPzPa0eqf9GJKQ8jRTieL+pHDKoATrOBHhUEKzbWBGFB9a0QD5FAWOkEMzoEe/HlZdI4K9ql4uV9KVu+TuJIgyNwDPLABuegDG5BFdQBBo/gGbyCN+PJeDHejY95a8pIZg7BHxifPwyLmQA=</latexit>

Two mass eigenstates  

Diagram in mass eigenstate basis:

Now make photon massive,                          Relevant vertex:

p2 6= 0

<latexit sha1_base64="qmXust0HuBkA9f1RBpkWLSeuXdc=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hd0QUG9BLx4jmAcma5id9CZDZmfXmVkhhPyFFw+KePVvvPk3TpI9aGJBQ1HVTXdXkAiujet+Oyura+sbm7mt/PbO7t5+4eCwoeNUMayzWMSqFVCNgkusG24EthKFNAoENoPh9dRvPqHSPJZ3ZpSgH9G+5CFn1FjpPnkok47ER+J2C0W35M5AlomXkSJkqHULX51ezNIIpWGCat323MT4Y6oMZwIn+U6qMaFsSPvYtlTSCLU/nl08IadW6ZEwVrakITP198SYRlqPosB2RtQM9KI3Ff/z2qkJL/wxl0lqULL5ojAVxMRk+j7pcYXMiJEllClubyVsQBVlxoaUtyF4iy8vk0a55FVKl7eVYvUqiyMHx3ACZ+DBOVThBmpQBwYSnuEV3hztvDjvzse8dcXJZo7gD5zPHzPSj/o=</latexit>

p2 6= 0

<latexit sha1_base64="qmXust0HuBkA9f1RBpkWLSeuXdc=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hd0QUG9BLx4jmAcma5id9CZDZmfXmVkhhPyFFw+KePVvvPk3TpI9aGJBQ1HVTXdXkAiujet+Oyura+sbm7mt/PbO7t5+4eCwoeNUMayzWMSqFVCNgkusG24EthKFNAoENoPh9dRvPqHSPJZ3ZpSgH9G+5CFn1FjpPnkok47ER+J2C0W35M5AlomXkSJkqHULX51ezNIIpWGCat323MT4Y6oMZwIn+U6qMaFsSPvYtlTSCLU/nl08IadW6ZEwVrakITP198SYRlqPosB2RtQM9KI3Ff/z2qkJL/wxl0lqULL5ojAVxMRk+j7pcYXMiJEllClubyVsQBVlxoaUtyF4iy8vk0a55FVKl7eVYvUqiyMHx3ACZ+DBOVThBmpQBwYSnuEV3hztvDjvzse8dcXJZo7gD5zPHzPSj/o=</latexit>

 1,2

<latexit sha1_base64="MFU5Brww2dDttKAIk1Zg4Fnm3qo=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgQcJuCKi3oBePEcwDkyXMTjrJkNnZZWZWCEv+wosHRbz6N978GyfJHjSxoKGo6qa7K4gF18Z1v53c2vrG5lZ+u7Czu7d/UDw8auooUQwbLBKRagdUo+ASG4Ybge1YIQ0Dga1gfDvzW0+oNI/kg5nE6Id0KPmAM2qs9NiNNe+l3kVl2iuW3LI7B1klXkZKkKHeK351+xFLQpSGCap1x3Nj46dUGc4ETgvdRGNM2ZgOsWOppCFqP51fPCVnVumTQaRsSUPm6u+JlIZaT8LAdobUjPSyNxP/8zqJGVz5KZdxYlCyxaJBIoiJyOx90ucKmRETSyhT3N5K2IgqyowNqWBD8JZfXiXNStmrlq/vq6XaTRZHHk7gFM7Bg0uowR3UoQEMJDzDK7w52nlx3p2PRWvOyWaO4Q+czx/1UpB4</latexit>

 1,2

<latexit sha1_base64="MFU5Brww2dDttKAIk1Zg4Fnm3qo=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgQcJuCKi3oBePEcwDkyXMTjrJkNnZZWZWCEv+wosHRbz6N978GyfJHjSxoKGo6qa7K4gF18Z1v53c2vrG5lZ+u7Czu7d/UDw8auooUQwbLBKRagdUo+ASG4Ybge1YIQ0Dga1gfDvzW0+oNI/kg5nE6Id0KPmAM2qs9NiNNe+l3kVl2iuW3LI7B1klXkZKkKHeK351+xFLQpSGCap1x3Nj46dUGc4ETgvdRGNM2ZgOsWOppCFqP51fPCVnVumTQaRsSUPm6u+JlIZaT8LAdobUjPSyNxP/8zqJGVz5KZdxYlCyxaJBIoiJyOx90ucKmRETSyhT3N5K2IgqyowNqWBD8JZfXiXNStmrlq/vq6XaTRZHHk7gFM7Bg0uowR3UoQEMJDzDK7w52nlx3p2PRWvOyWaO4Q+czx/1UpB4</latexit>

 1,2.

<latexit sha1_base64="cfk1B9RqZZbGN40tzKLu8VqgPBg=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4kJCUgnorevFYwX5AGspmu2mXbnbD7kYooT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMi1LOtPG8b2dtfWNza7u0U97d2z84rBwdt7XMFKEtIrlU3QhrypmgLcMMp91UUZxEnHai8d3M7zxRpZkUj2aS0jDBQ8FiRrCxUtBLNevn/mVt6vYrVc/15kCrxC9IFQo0+5Wv3kCSLKHCEI61DnwvNWGOlWGE02m5l2maYjLGQxpYKnBCdZjPT56ic6sMUCyVLWHQXP09keNE60kS2c4Em5Fe9mbif16Qmfg6zJlIM0MFWSyKM46MRLP/0YApSgyfWIKJYvZWREZYYWJsSmUbgr/88ipp11y/7t481KuN2yKOEpzCGVyAD1fQgHtoQgsISHiGV3hzjPPivDsfi9Y1p5g5gT9wPn8AY52QsA==</latexit>

A(1� , ` i , `
0
 i
) =

qe
p

�
h1`i [1`0] + [1`]h1`0i

�

<latexit sha1_base64="xldcdcLpQIB+qOlnun/YdDZrIvU="></latexit>
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0 ME vY 0
V 0

ME 0 0 0
vY 0

V 0 0 ML

0 0 ML 0

1

CCA )

<latexit sha1_base64="dxUrvff+dTJBvO3cyGFGbsg224M="></latexit>

) A(1� , `
I
 i
, `0K i

) ✏IJ✏KL A(`0L ̄i
, `J ̄i

, 2�) =
q2e
p2

⇥
2M2

i h12i[12] +
�
h1|`|2]h2|`0|1] + (` $ `0)

�⇤

<latexit sha1_base64="/KtbdzZ4tLDarIq55o72hM2uaAg="></latexit>

m2
� ⌘ p2 6= 0.

<latexit sha1_base64="9hp1+up4EPAnvXlr6A0hzZfHhkE=">AAACB3icbZDLSgMxFIYzXmu9VV0KEiyCqzJTCuqu6MZlBXuBtpZMeqYNTTLTJFMopTs3voobF4q49RXc+TZm2llo6w+Bj/+cw8n5/YgzbVz321lZXVvf2MxsZbd3dvf2cweHNR3GikKVhjxUDZ9o4ExC1TDDoREpIMLnUPcHN0m9PgKlWSjvzTiCtiA9yQJGibFWJ3eCRafVI0KQhyJuwTBmIxwlKGGI3UInl3cL7kx4GbwU8ihVpZP7anVDGguQhnKiddNzI9OeEGUY5TDNtmINEaED0oOmRUkE6PZkdscUn1mni4NQ2ScNnrm/JyZEaD0Wvu0UxPT1Yi0x/6s1YxNctidMRrEBSeeLgphjE+IkFNxlCqjhYwuEKmb/immfKEKNjS5rQ/AWT16GWrHglQpXd6V8+TqNI4OO0Sk6Rx66QGV0iyqoiih6RM/oFb05T86L8+58zFtXnHTmCP2R8/kDa9SXwg==</latexit>



|1I=1i = p
p

✓
1
0

◆
, |1I=2i = p

p

✓
0
1

◆

<latexit sha1_base64="nCPk7lKK1k0zSBIofazq7m80jpc="></latexit>

Choose particular basis for photon polarizations:

Next project onto particular component of SU(2) tensor:

h12i[12] ! h1I=12I=2i[1I=12I=2] = p2

<latexit sha1_base64="K6yZkSrh67LN5oQT9AcSFNQ9MZw="></latexit>

)
Z

dLIPSA(1� , ` i , `
0
 i
)⇥A(`0 ̄i

, ` ̄i
, 2�) ! q2e

Z 2⇡

0

d�

4⇡

Z ⇡

0
d✓ s✓

h
2M2

i (1� c2✓) +
1

2
p2(1 + c2✓)

i

<latexit sha1_base64="bJYSfFp8MYLLZRc53pqyVKlErc8="></latexit>

=
2q2e
3

�
2M2

i + p2
�

<latexit sha1_base64="glG7hmOSHCTRQgpjFNwW2ZShAWg=">AAACF3icbVDLSgNBEJz1bXxFPXoZDIKihN1VUA9C0IsXIYJRIZsss5PeZMjsw5leISz5Cy/+ihcPinjVm3/jJObgq6ChqOqmuytIpdBo2x/W2PjE5NT0zGxhbn5hcam4vHKpk0xxqPFEJuo6YBqkiKGGAiVcpwpYFEi4CronA//qFpQWSXyBvRQaEWvHIhScoZH8YvmIejvUCxXjuXvjQ9Pt57t9T0KImy49a7q+2KZp0/WUaHdwyy+W7LI9BP1LnBEpkRGqfvHdayU8iyBGLpnWdcdOsZEzhYJL6Be8TEPKeJe1oW5ozCLQjXz4V59uGKVFw0SZipEO1e8TOYu07kWB6YwYdvRvbyD+59UzDA8auYjTDCHmX4vCTFJM6CAk2hIKOMqeIYwrYW6lvMNMRmiiLJgQnN8v/yWXbtnZKx+e75Uqx6M4ZsgaWSebxCH7pEJOSZXUCCd35IE8kWfr3nq0XqzXr9YxazSzSn7AevsEg86drg==</latexit>

Furthermore, from the bubble integral:
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✓
1

✏
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� |Y 0
V |2v2

M2
E �M2
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+ · · ·
◆

<latexit sha1_base64="fqOw1PmJyofcMGT6RJ6KPskS4cs="></latexit>

expand to order v2

<latexit sha1_base64="zawgEjgZbFPAzxEXwLYh+Fwuiew=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0QUG9BLx4jmgcka5id9CZDZmeXmdlACPkELx4U8eoXefNvnCR70MSChqKqm+6uIBFcG9f9dtbWNza3tnM7+d29/YPDwtFxQ8epYlhnsYhVK6AaBZdYN9wIbCUKaRQIbAbD25nfHKHSPJaPZpygH9G+5CFn1FjpYfRU7haKbsmdg6wSLyNFyFDrFr46vZilEUrDBNW67bmJ8SdUGc4ETvOdVGNC2ZD2sW2ppBFqfzI/dUrOrdIjYaxsSUPm6u+JCY20HkeB7YyoGehlbyb+57VTE175Ey6T1KBki0VhKoiJyexv0uMKmRFjSyhT3N5K2IAqyoxNJ29D8JZfXiWNcsmrlK7vK8XqTRZHDk7hDC7Ag0uowh3UoA4M+vAMr/DmCOfFeXc+Fq1rTjZzAn/gfP4ADIONqg==</latexit>

and                    for         Match with         ME $ ML

<latexit sha1_base64="M3WW8mW+vyFc2L3uG/YSaMjWkkY=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSSEG9FUXwYKGC/YC2hM120y7dbMLuRCmhF/+KFw+KePVnePPfuG1z0NYHA4/3ZpiZ58eCa3Ccbyu3tLyyupZfL2xsbm3v2Lt7DR0lirI6jUSkWj7RTHDJ6sBBsFasGAl9wZr+8GriNx+Y0jyS9zCKWTckfckDTgkYybMPqt417ggWgOL9ARClokdc9W49u+iUnCnwInEzUkQZap791elFNAmZBCqI1m3XiaGbEgWcCjYudBLNYkKHpM/ahkoSMt1Npw+M8bFRejiIlCkJeKr+nkhJqPUo9E1nSGCg572J+J/XTiA476ZcxgkwSWeLgkRgiPAkDdzjilEQI0MIVdzciumAKELBZFYwIbjzLy+SxmnJLZcu7srFymUWRx4doiN0glx0hiroBtVQHVE0Rs/oFb1ZT9aL9W59zFpzVjazj/7A+vwBDpuWFg==</latexit>

M2.

<latexit sha1_base64="aFC1p0LSNjQ0LnNfci06d6iwRZw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0hKQb0VvXgRKphaaEPZbDft0t1N2N0IJfQ3ePGgiFd/kDf/jds2B219MPB4b4aZeVHKmTae9+2U1tY3NrfK25Wd3b39g+rhUVsnmSI0IAlPVCfCmnImaWCY4bSTKopFxOljNL6Z+Y9PVGmWyAczSWko8FCymBFsrBTc9esu6ldrnuvNgVaJX5AaFGj1q1+9QUIyQaUhHGvd9b3UhDlWhhFOp5VepmmKyRgPaddSiQXVYT4/dorOrDJAcaJsSYPm6u+JHAutJyKynQKbkV72ZuJ/Xjcz8WWYM5lmhkqyWBRnHJkEzT5HA6YoMXxiCSaK2VsRGWGFibH5VGwI/vLLq6Rdd/2Ge3XfqDWvizjKcAKncA4+XEATbqEFARBg8Ayv8OZI58V5dz4WrSWnmDmGP3A+fwCRho3k</latexit>

h12i2 ! h12i2 ! p2 :

<latexit sha1_base64="op0pRDxlIFcPUWkTCNiL689xL6o=">AAACInicbVDLSsNAFJ3UV62vqEs3g0VwVZJQ0LoqunFZwT6gactkOmmHTiZhZiKU0G9x46+4caGoK8GPcZJG0dYDA4dz7uXOOV7EqFSW9WEUVlbX1jeKm6Wt7Z3dPXP/oCXDWGDSxCELRcdDkjDKSVNRxUgnEgQFHiNtb3KV+u07IiQN+a2aRqQXoBGnPsVIaWlg1lyG+IgRaDuuyFjfcVUIv+XE9XztzX5MmLpR37kYmGWrYmWAy8TOSRnkaAzMN3cY4jggXGGGpOzaVqR6CRKKYkZmJTeWJEJ4gkakqylHAZG9JIs4gydaGUI/FPpxBTP190aCAimngacnA6TGctFLxf+8bqz8815CeRQrwvH8kB8zqFOmfcEhFQQrNtUEYUH1XyEeI4Gw0q2WdAn2YuRl0nIqdrVSu6mW65d5HUVwBI7BKbDBGaiDa9AATYDBPXgEz+DFeDCejFfjfT5aMPKdQ/AHxucX+auisw==</latexit>
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E
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<latexit sha1_base64="u3qD2WwxfTW8Mzh7RKRxWOFeTkU="></latexit>



Conclusions

• Leading contribution to g-2 and hγγ vanishes in certain models 
with vector-like fermions. Why?

• Amplitude methods useful to address this question. 

• Setting Higgs momenta to zero, calculation of Wilson 
coefficients for g-2 and hγγ reduces to double cuts. 

• Vanishing of Wilson coefficients can then be understood from 
exchange symmetry acting on amplitude level.

• Also useful to calculate Wilson coefficients in models where 
they do not vanish.



Backup slide: Absence of rational terms
Rational terms arise in Pasarino-Veltman decomposition from terms of the type 

R = �1

6

X

i,j

C̃(ij)
2 (sij � 3(M2

i +M2
j ))�

1

2

X

b

C̃(b)
3 � 1

6

X

c

C̃(c)
4

<latexit sha1_base64="jWyEYkCfOoXLsUV8R+D+MqpU1JU="></latexit>

Accessible via generalized unitarity: Write                

l2 = l2(4) + l2(�2✏) ⌘ l2(4) � µ2

<latexit sha1_base64="7Ae+lEEuScghLQum8vSa5enDnSQ=">AAACJnicbVDLSgMxFM3UV62vqks3wSJYpGWmFNRFoejGZQX7gE4tmfS2DWYyY5IRytCvceOvuHFREXHnp5i2s6jWA4GTc84luccLOVPatr+s1Mrq2vpGejOztb2zu5fdP2ioIJIU6jTggWx5RAFnAuqaaQ6tUALxPQ5N7+F66jefQCoWiDs9CqHjk4FgfUaJNlI3W+H3JVzBvBuflvNjw8+wUcytUHIhVIwHIj/GLjxG7GkhVcCuH5lcNmcX7RnwMnESkkMJat3sxO0FNPJBaMqJUm3HDnUnJlIzymGccSMFIaEPZABtQwXxQXXi2ZpjfGKUHu4H0hyh8UxdnIiJr9TI90zSJ3qo/npT8T+vHen+RSdmIow0CDp/qB9xrAM87Qz3mASq+cgQQiUzf8V0SCSh2jSbMSU4f1deJo1S0SkXL2/LuepVUkcaHaFjdIocdI6q6AbVUB1R9Ixe0QS9Wy/Wm/Vhfc6jKSuZOUS/YH3/AEMtogc=</latexit>

and interpret extra-dimensional momentum as 4D mass

✏/✏.

<latexit sha1_base64="Uq8FPvuRk3N9p8m1QYyK6UZL2/U=">AAAB/XicbZDLSsNAFIYn9VbrLV52bgaL4ComUlB3RTcuK9gLtKFMpift0MkkzEyEGoqv4saFIm59D3e+jdM2grb+MPDxn3M4Z/4g4Uxp1/2yCkvLK6trxfXSxubW9o69u9dQcSop1GnMY9kKiALOBNQ10xxaiQQSBRyawfB6Um/eg1QsFnd6lIAfkb5gIaNEG6trH3QgUYzHAp/+kIO7dtl13KnwIng5lFGuWtf+7PRimkYgNOVEqbbnJtrPiNSMchiXOqmChNAh6UPboCARKD+bXj/Gx8bp4TCW5gmNp+7viYxESo2iwHRGRA/UfG1i/ldrpzq88DMmklSDoLNFYcqxjvEkCtxjEqjmIwOESmZuxXRAJKHaBFYyIXjzX16ExpnjVZzL20q5epXHUUSH6AidIA+doyq6QTVURxQ9oCf0gl6tR+vZerPeZ60FK5/ZR39kfXwDvxmUyA==</latexit>

µ2.

<latexit sha1_base64="fKJ78UObypMKKDJZPSDW4l2dO64=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbB07JbCuqt6MVjBfsB7VqyabaNzSZLkhXK0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmhQln2njet1NYW9/Y3Cpul3Z29/YPyodHLS1TRWiTSC5VJ8SaciZo0zDDaSdRFMchp+1wfDPz209UaSbFvZkkNIjxULCIEWys1OrF6UPV7ZcrnuvNgVaJn5MK5Gj0y1+9gSRpTIUhHGvd9b3EBBlWhhFOp6VeqmmCyRgPaddSgWOqg2x+7RSdWWWAIqlsCYPm6u+JDMdaT+LQdsbYjPSyNxP/87qpiS6DjIkkNVSQxaIo5chINHsdDZiixPCJJZgoZm9FZIQVJsYGVLIh+Msvr5JW1fVr7tVdrVK/zuMowgmcwjn4cAF1uIUGNIHAIzzDK7w50nlx3p2PRWvByWeO4Q+czx/0q46+</latexit>

Rational term then given by

To determine                   and          shift particle masses by       and take  
         

C̃(ij)
2 , C̃(b)

3

<latexit sha1_base64="JrAf6LDXb0RWTkGvuBrjA641wGs=">AAACDnicbZDLSsNAFIYn9VbrLerSzWAptCAlqQV1V+zGZQV7gTaGyWTSjp1cmJkIJeQJ3Pgqblwo4ta1O9/GaRtBW38Y+PnOOZw5vxMxKqRhfGm5ldW19Y38ZmFre2d3T98/6Igw5pi0cchC3nOQIIwGpC2pZKQXcYJ8h5GuM25O6917wgUNgxs5iYjlo2FAPYqRVMjWSwNJmUtgE94mZXpXSe3aCfxh9qmCTiWFtl40qsZMcNmYmSmCTC1b/xy4IY59EkjMkBB904iklSAuKWYkLQxiQSKEx2hI+soGyCfCSmbnpLCkiAu9kKsXSDijvycS5Asx8R3V6SM5Eou1Kfyv1o+ld24lNIhiSQI8X+TFDMoQTrOBLuUESzZRBmFO1V8hHiGOsFQJFlQI5uLJy6ZTq5r16sV1vdi4zOLIgyNwDMrABGegAa5AC7QBBg/gCbyAV+1Re9betPd5a07LZg7BH2kf365Mmf0=</latexit>

C̃(c)
4

<latexit sha1_base64="7A5Y66iTFRuQyN6IHyknD5MKt/0=">AAAB+nicbVDLSsNAFJ3UV62vVJduBotQNyWRgrorduOygn1AG8NkMmmHTh7M3Cgl9lPcuFDErV/izr9x2mahrQcuHM65l3vv8RLBFVjWt1FYW9/Y3Cpul3Z29/YPzPJhR8WppKxNYxHLnkcUEzxibeAgWC+RjISeYF1v3Jz53QcmFY+jO5gkzAnJMOIBpwS05JrlAXDhM9x06/dZlZ5NsWtWrJo1B14ldk4qKEfLNb8GfkzTkEVABVGqb1sJOBmRwKlg09IgVSwhdEyGrK9pREKmnGx++hSfasXHQSx1RYDn6u+JjIRKTUJPd4YERmrZm4n/ef0Ugksn41GSAovoYlGQCgwxnuWAfS4ZBTHRhFDJ9a2YjogkFHRaJR2CvfzyKumc1+x67eq2Xmlc53EU0TE6QVVkowvUQDeohdqIokf0jF7Rm/FkvBjvxseitWDkM0foD4zPH5c4ku8=</latexit>

µ2

<latexit sha1_base64="W4nxcnr/UqbpdKpnsfaU8sjnlbs=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmLiiewSEvRG9OIRExdIYCXd0oWGtrtpuyZkw2/w4kFjvPqDvPlvLLAHBV8yyct7M5mZFyacaeO6305hY3Nre6e4W9rbPzg8Kh+ftHWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCye3c7zxRpVksH8w0oYHAI8kiRrCxkt8X6WNtUK64VXcBtE68nFQgR2tQ/uoPY5IKKg3hWOue5yYmyLAyjHA6K/VTTRNMJnhEe5ZKLKgOssWxM3RhlSGKYmVLGrRQf09kWGg9FaHtFNiM9ao3F//zeqmJroKMySQ1VJLloijlyMRo/jkaMkWJ4VNLMFHM3orIGCtMjM2nZEPwVl9eJ+1a1atXr+/rleZNHkcRzuAcLsGDBjThDlrgAwEGz/AKb450Xpx352PZWnDymVP4A+fzB4g5joY=</latexit>

-term for                  and       -term for         in large     -limit. µ2

<latexit sha1_base64="W4nxcnr/UqbpdKpnsfaU8sjnlbs=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmLiiewSEvRG9OIRExdIYCXd0oWGtrtpuyZkw2/w4kFjvPqDvPlvLLAHBV8yyct7M5mZFyacaeO6305hY3Nre6e4W9rbPzg8Kh+ftHWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCye3c7zxRpVksH8w0oYHAI8kiRrCxkt8X6WNtUK64VXcBtE68nFQgR2tQ/uoPY5IKKg3hWOue5yYmyLAyjHA6K/VTTRNMJnhEe5ZKLKgOssWxM3RhlSGKYmVLGrRQf09kWGg9FaHtFNiM9ao3F//zeqmJroKMySQ1VJLloijlyMRo/jkaMkWJ4VNLMFHM3orIGCtMjM2nZEPwVl9eJ+1a1atXr+/rleZNHkcRzuAcLsGDBjThDlrgAwEGz/AKb450Xpx352PZWnDymVP4A+fzB4g5joY=</latexit>

C̃(ij)
2 , C̃(b)

3

<latexit sha1_base64="JrAf6LDXb0RWTkGvuBrjA641wGs=">AAACDnicbZDLSsNAFIYn9VbrLerSzWAptCAlqQV1V+zGZQV7gTaGyWTSjp1cmJkIJeQJ3Pgqblwo4ta1O9/GaRtBW38Y+PnOOZw5vxMxKqRhfGm5ldW19Y38ZmFre2d3T98/6Igw5pi0cchC3nOQIIwGpC2pZKQXcYJ8h5GuM25O6917wgUNgxs5iYjlo2FAPYqRVMjWSwNJmUtgE94mZXpXSe3aCfxh9qmCTiWFtl40qsZMcNmYmSmCTC1b/xy4IY59EkjMkBB904iklSAuKWYkLQxiQSKEx2hI+soGyCfCSmbnpLCkiAu9kKsXSDijvycS5Asx8R3V6SM5Eou1Kfyv1o+ld24lNIhiSQI8X+TFDMoQTrOBLuUESzZRBmFO1V8hHiGOsFQJFlQI5uLJy6ZTq5r16sV1vdi4zOLIgyNwDMrABGegAa5AC7QBBg/gCbyAV+1Re9betPd5a07LZg7BH2kf365Mmf0=</latexit>

µ4

<latexit sha1_base64="SwjfYCh8w03x6RjKPo+v7eIy3iE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWMG2hjWWz3bRLdzdhdyOU0N/gxYMiXv1B3vw3btMctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcjv3O09UaRbLBzNNaCDwSLKIEWys5PdF+tgYVGtu3c2BVolXkBoUaA2qX/1hTFJBpSEca93z3MQEGVaGEU5nlX6qaYLJBI9oz1KJBdVBlh87Q2dWGaIoVrakQbn6eyLDQuupCG2nwGasl725+J/XS010FWRMJqmhkiwWRSlHJkbzz9GQKUoMn1qCiWL2VkTGWGFibD4VG4K3/PIqaV/UvUb9+r5Ra94UcZThBE7hHDy4hCbcQQt8IMDgGV7hzZHOi/PufCxaS04xcwx/4Hz+AItBjog=</latexit>

C̃(c)
4

<latexit sha1_base64="7A5Y66iTFRuQyN6IHyknD5MKt/0=">AAAB+nicbVDLSsNAFJ3UV62vVJduBotQNyWRgrorduOygn1AG8NkMmmHTh7M3Cgl9lPcuFDErV/izr9x2mahrQcuHM65l3vv8RLBFVjWt1FYW9/Y3Cpul3Z29/YPzPJhR8WppKxNYxHLnkcUEzxibeAgWC+RjISeYF1v3Jz53QcmFY+jO5gkzAnJMOIBpwS05JrlAXDhM9x06/dZlZ5NsWtWrJo1B14ldk4qKEfLNb8GfkzTkEVABVGqb1sJOBmRwKlg09IgVSwhdEyGrK9pREKmnGx++hSfasXHQSx1RYDn6u+JjIRKTUJPd4YERmrZm4n/ef0Ugksn41GSAovoYlGQCgwxnuWAfS4ZBTHRhFDJ9a2YjogkFHRaJR2CvfzyKumc1+x67eq2Xmlc53EU0TE6QVVkowvUQDeohdqIokf0jF7Rm/FkvBjvxseitWDkM0foD4zPH5c4ku8=</latexit>

µ2

<latexit sha1_base64="W4nxcnr/UqbpdKpnsfaU8sjnlbs=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmLiiewSEvRG9OIRExdIYCXd0oWGtrtpuyZkw2/w4kFjvPqDvPlvLLAHBV8yyct7M5mZFyacaeO6305hY3Nre6e4W9rbPzg8Kh+ftHWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCye3c7zxRpVksH8w0oYHAI8kiRrCxkt8X6WNtUK64VXcBtE68nFQgR2tQ/uoPY5IKKg3hWOue5yYmyLAyjHA6K/VTTRNMJnhEe5ZKLKgOssWxM3RhlSGKYmVLGrRQf09kWGg9FaHtFNiM9ao3F//zeqmJroKMySQ1VJLloijlyMRo/jkaMkWJ4VNLMFHM3orIGCtMjM2nZEPwVl9eJ+1a1atXr+/rleZNHkcRzuAcLsGDBjThDlrgAwEGz/AKb450Xpx352PZWnDymVP4A+fzB4g5joY=</latexit>

We match to EFT at order              However, 1/M2.

<latexit sha1_base64="h7z4vgUJSFXoDzkXTyZiOOjPcb4=">AAAB7nicbVBNSwMxEJ34WetX1aOXYBE8rbuloN6KXrwIFewHtGvJptk2NJtdkqxQlv4ILx4U8erv8ea/MW33oK0PBh7vzTAzL0gE18Z1v9HK6tr6xmZhq7i9s7u3Xzo4bOo4VZQ1aCxi1Q6IZoJL1jDcCNZOFCNRIFgrGN1M/dYTU5rH8sGME+ZHZCB5yCkxVmp553ePFQf3SmXXcWfAy8TLSRly1Hulr24/pmnEpKGCaN3x3MT4GVGGU8EmxW6qWULoiAxYx1JJIqb9bHbuBJ9apY/DWNmSBs/U3xMZibQeR4HtjIgZ6kVvKv7ndVITXvoZl0lqmKTzRWEqsInx9Hfc54pRI8aWEKq4vRXTIVGEGptQ0YbgLb68TJoVx6s6V/fVcu06j6MAx3ACZ+DBBdTgFurQAAojeIZXeEMJekHv6GPeuoLymSP4A/T5A215jlc=</latexit>

)

<latexit sha1_base64="4wBvpVznjABNZuf+wx1UgGItNas=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF49V7AekoWy2m3bpZjfsTpRS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KBXcoOd9O4WV1bX1jeJmaWt7Z3evvH/QNCrTlDWoEkq3I2KY4JI1kKNg7VQzkkSCtaLhzdRvPTJtuJIPOEpZmJC+5DGnBK0UdO55f4BEa/XULVe8qjeDu0z8nFQgR71b/ur0FM0SJpEKYkzgeymGY6KRU8EmpU5mWErokPRZYKkkCTPheHbyxD2xSs+NlbYl0Z2pvyfGJDFmlES2MyE4MIveVPzPCzKML8Mxl2mGTNL5ojgTLip3+r/b45pRFCNLCNXc3urSAdGEok2pZEPwF19eJs2zqn9evbo7r9Su8ziKcATHcAo+XEANbqEODaCg4Ble4c1B58V5dz7mrQUnnzmEP3A+fwCU+5F5</latexit>

No rational terms at order 1/M2.

<latexit sha1_base64="h7z4vgUJSFXoDzkXTyZiOOjPcb4=">AAAB7nicbVBNSwMxEJ34WetX1aOXYBE8rbuloN6KXrwIFewHtGvJptk2NJtdkqxQlv4ILx4U8erv8ea/MW33oK0PBh7vzTAzL0gE18Z1v9HK6tr6xmZhq7i9s7u3Xzo4bOo4VZQ1aCxi1Q6IZoJL1jDcCNZOFCNRIFgrGN1M/dYTU5rH8sGME+ZHZCB5yCkxVmp553ePFQf3SmXXcWfAy8TLSRly1Hulr24/pmnEpKGCaN3x3MT4GVGGU8EmxW6qWULoiAxYx1JJIqb9bHbuBJ9apY/DWNmSBs/U3xMZibQeR4HtjIgZ6kVvKv7ndVITXvoZl0lqmKTzRWEqsInx9Hfc54pRI8aWEKq4vRXTIVGEGptQ0YbgLb68TJoVx6s6V/fVcu06j6MAx3ACZ+DBBdTgFurQAAojeIZXeEMJekHv6GPeuoLymSP4A/T5A215jlc=</latexit>

lim
µ2!1

1

sij �M2 � µ2
= � 1

µ2
+

M2 � sij
µ4

+ . . .

<latexit sha1_base64="dwR7GxDunLm/k4JObLKCrMK6CGc="></latexit>


